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NASA TT F-12,570 

DEVELOPMENT OF EMITTERS AND COLLECTOR MULTI-LAYER SYSTEMS 

H. Hubner, K. Janner and M. Peehs 

ABSTRACT. The described work is a part of  an In-Core-Thermi- 
onic reactor development program. 
an energy source for space vehicles. 
is built up of eight cells in a series. 
used as fuel. The f i s s i o n  of gas of each emitter is vented 
separately to avoid swelling tt-3 t o  fission gas pressure at 
the designed fuel burn up. Adequate methods to prevent plug- 
ging of the venting system were investigated. An instrumen- 
tive capsule for in-pile-testing emitters at nominal and 
higher heat rating was designed and is now under construction. 
Tungsten layers were deposited from the W (CO)6. 
facial diffusion of Mo-W was investigated. The joining tech- 
nology for the designed development was developed. 
to build concentric collector systems (Nb-AI 0 -Nb/lZr) was 
proved with good ‘success. 

The systen: is proposed as 
The thermionic element 

U02 pellets will be 

The inter- 

A method 
2 3  

0. introduction 

The works described in the present report are partial developments of an 
in-core-thermionic reactor (ITR) as a power source for space vehicles, This 
equipment consists chiefly of a sui-table combination of thermionic convertor 
cells for the direct conversion of thermal energy into electrical energy on 
the one hand and qf a nuclear reactor for releasing the necessary thermal 
energy on the other. As a study has shown [l, 21, such equipments offer favor- 
able developmental prospects in the range of several kW up to several 100 kWe. e 

[3] with Nb as a structural material as developed by us has a favorable power 
t o  weight ratio even with small output. The construction principle of a par- 
tial thermionic reactor provides for an inner zone consisting of thermionic 
combustion elements where the number of elements can be considerably changed 
according to the power requirements.. This still sub-critical arrangement i s  
amplified by thrust elements in such a way that t2.e reactor possesses the 
desired reactivity with the utilization of the reflector. 

It has been shown especially at a concept of a partial thermionic reactor 

We began in our plant about two years ago with the development of a com- 
bustion element to be used in the thermionic inner zone [4, 51. Particular 
value was placed on the fact that the same type of combustion element could 
be used for  all power ranges. 

* Numbers in the margin indicate pagination of the foreign text. 
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Results which were achieved i n  t h e  continuation of t he  work on t h e  devel- 
opment of thermionic combustion elements from 1 April 1966 t o  31 March 1967 
a r e  reported here; 

1 .  

1 . 1  The Emitter 

Design and Method of Operation of t h e  Combustion Element - / I O  

1 . 1 . 1  Requirements f o r  the Design f o r  'the Emitter 

The design of t h e  thermionic combustion elements and e spec ia l ly  of t h e  
emitters containing the  f u e l  must a l s o  be considered with t h e  p a r t i a l  thermio- 
n i c  r eac to r  i n  connection with the  e n t i r e  apparatus because the  release of  
power by t h e  emit ter  on t h e  one hand depends on t h e  quant i ty  of fuel ,  t h e  d i s -  
t r i b u t i o n  of fue l ,  a material and gcometry o f  t h e  emitter and on the  o the r  
hand t h e  release of power is  c lose ly  connected with t h e  o the r  p a r t s  of t h e  
r eac to r  through neutron flow, neutron spectrum and lowering of flow. 

Optimation calculat ions with respect  t o  a minimum power t o  weight ratio 
with t h e  given e l e c t r i c a l  power [ 6 ,  71 and neutron-physical considerations of 
a basic type have led t o  t h e  following p r inc ip l e s  f o r  t h e  thermal or epi ther-  
mal r e a c t o r s  consider here: 

1) The proportion of UO i n  t h e  emitter s h o u l d ' l i e  between 30 and 40% 

by volume f o r  t h e  basic construction at hand. A smaller proportion of fue l  
causes an increase of t h e  entire mass and an i n c r e a s  of waste heat  i n  t h e  
p a r t i a l  thermioxic r eac to r s ;  a l a rge r  proportion of f u e l  causes an increase 
of t h e  mass of t he  f i s s ionab le  material. 

2 

2) The fue l  should be arranged i n  a t h i n  l aye r  and as fa r  as possible  
far out i n  t h e  emitter i n  order t o  keep t h e  natural  screening of t h e  fuel  and 
t h e  screening by t h e  cathode working material as small as possible .  

3) The emit ter  should cons i s t  of a material  with l i t t l e  neutron absorp- 
tion. 
in small amouiits ( layer  thickness a t  t h e  surface,  e.g. about 0.2 mm).. 

Molybdenum is a p o s s i b i l i t y ,  while natural  tungsten can only be used 

In  order t o  achieve a favorable operating behavior and a s a t i s f a c t o r y  
longevity, t h e  following requirements must a l s o  be f u l f i l l e d :  

4) The emission surface of t h e  emitter.should permit achieving a high 

This  can be a t t a ined  i n  various ways, e.g. by high 

- /11 
e f f e c t i v e  degree il. the  transformation of  energy at the  planned operating 
temperature of 200O0K. 
work of emission of t h e  emitter i n  the. vacuum, by o r i en ta t ion  of t h e  c r y s t a l s  
and addi t ives .  

5 )  Temperature differences a t  the  cathode should be small, 

6 )  With t h e  given emitter material, t h e  electrical losses and at  t h e  
. . .  
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same time the  material  cost  should kept small.. 
requirements ,should be optimized taking neutron.absorption i n t o  consideration. 

These mutually exclusive 

7) The emit ter  must remain s t a b l e  i n  form during i ts  l i fe t ime of a t  
least one year and a t  an operating temperature of 2000'K because t h e  minimum 
permissible convertor aperature  and t h e  e f f e c t i v e  degree along with it will 
be e a s i l y  influenced. Expansion, evaporation and warping must a l s o  be kept 
small. 

8 )  The emit ter  must be s t a b l e  i n  function. For t h i s  it is necessary 
t h a t  t h e  diffusiori  of uranium t o  the  surface be held s u f f i c i e n t l y  small. 

.case 1Q i s  used as an emission layer ,  t h e  diffusion of molybdenum t o  the surface 
must a l s o  be presented. 

I n  

The attempt has been made t o  observe t h i s  requirement i n  t h e  designs 
described i n  t h e  following. 

1.1.2 Emitters w i t h  Separate Fission Gas Lines 

Calculat ions have shown [SI t h a t  low-expansion emi t t e r s  with a power 
dens i ty  .of 50 Nth per square centimeter of cathode surface f o r  a l i f e t ime  of 
two years  and a t  operating temperature of 2000°K without f iss ion-gas exhaust 
l i n e  cannot be r ea l i zed  with the  p re sen t ly  ava i l ab le  f u e l s .  
only emi t t e r swi th  f iss ion-gas exhaust l i n e s  were first invest igated i n  d e t a i l .  

For t h i s  reason, 

Figure 1 shows t h e  cross  sec t ion  of a thermionic combustion element i n  
which each emitter has i ts  own f iss ion-gas l i n e .  The emitter cons i s t s  of a 
molybdenum pipe i n  t h e  th i ck  walls of which a x i a l  borings have been made t o  
receive t h e  fue? (proportion of f u e l  by volume about 30%). 
housed i n  t h e  form of  c y l i n d r i c a l  rods.  Because o f  t h e  r e l a t i v e l y  high U02 

vapor pressure a t  t h e  operating temperature, t h e  lat ter evaporates a t  t h e  sur- 
face of t h e  rod and p r e c i p i t a t e s  on t h e  colder  wall o f  t h e  metal when feed 
p l ay  and f u e l  dens i ty  a r e  appropriately selected.  
design it  is  expected t h a t  i n  t h e  s t a t i o n a r y  condition probably t h e  f u e l  d i s -  
t r i b u t i o n  as drawn would obtain.  
fact t h a t  t h e  inner f u e l  surface is  an isotherm. After.a f a i r l y  long burn up 
and not iceable  formation of f i s s i o n  gas, t h e  l a t t e r  can.be diffused through 
shor t  paths  t o  t h e  exhaust canals  thus formed and from t h e s e  flow outs ide 
through t h e  co l l ec t ing  chamber and the  f iss ion-gas l i n e .  The p o r t  of t h e  
f iss ion-gas pipe i n  t h e  emit ter  i s  narrowed i n  order t o  avoid having an inad- 
missible l a rge  amount of fuel escape through t h e  f iss ion-gas l i n e  and which 
would then lead t o  a stoppage a t  t h e  colder spots.  
is  prevented i n  t h e  following manner: 

The f u e l  is then 

In a case of t h e  present 

The d i s t r i b u t i o n  is characterized by' t h e  

A stoppage of t h i s  opening 

a) A port  of t h e  f iss ion-gas exhaust l i n e s  j u t  i n t o  t h e  f iss ion-gas 
c o l l e c t i n g  chamber i n  the  form of a tube.  
bution i s  adjusted,  t h e  tube i s  so  s t r o n g l y  evaporated with U02 a t  the  mantel 
surface t h a t  t h e  heat created i n  the  coaching increases  t h e  temperature of  

After t h e  s t a t iona ry  fuel d i s t r i -  
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t h e  port of the  tube t o  t h e  temperature of the inner fue l  surface when f u e l  
is flowing through the  tube; 

b) Also with t h i s  solut ion,  t h e  port  of t h e  f iss ion-gas tube j u t s  i n t o  
t h e  i n t e r i o r  of t h e  f u e l  chamber. 
with a proportion of f i s s i o n  material  (heating r i n g  i n  Figure 3) which does 
not t ake  p a r t  i n  t h e  evaporation equilibrium. The amount Jf diffusionable  
material is measured so t h a t  even here  t h e  add i t iona l ly  cr- . . ted heat energv 
a t  least br ings t h e  port  of t he  f i s s i v - g a s  v e n t i l a t i o n  t o  t h e  temperature of 
t h e  hot isotherm. The increased elin1,nation of heat a t  t he  ends of t h e  e m i t -  
ters through t h e  series-connected br idges would lead t o  a clogging of t h e  
f iss ion-gas exhaust canals  and t o  g rea t  temperature differences a t  t he  cathode. 
By widening t h e  f u e l  canals at t h e i r  ends, UO 
a t  least p a r t i a l l y  compensate f o r  t hese .hea t  losses .  
a c t i v e  emitter 1ength.also serves t h e  same purpose by means of beveling t h e  
ends. 

However, t h e  port  i s  add i t iona l ly  provided 

- /13 

can add i t iona l ly  condense and 2 
The reduction of t h e  

A tungsten cooling w i t ' i  t h e  thickness of about 0.2 mm i s  provided f o r  t h e  
e n t i r e  emit ter .  This is t o  serve as a d i f fus ion  b a r r i e r  against  uranium, t o  . 

improve t h e  emission c h a r a c t e r i s t i c s  (higher work of emissioii i n  the  vacum 
than Mo) and t o  reduce t h e  evaporation rate of t h e  emitter. The r e l a t i v e l y  
rapid diffusion between Mo and W r equ i r e s  spec ia l  measures t o  maintain t h i s  
layer ,  about which more w i l l  be reported i n  d e t a i l  s ec t ion  3 of t h i s  r epor t .  

The dimensions of t h e  emitter were determined from optimation calcula-  
t i o n s  which w i l l  b e  reported a t  another place [7] .  
physical e f f e c t i v e  values,  these comprise t h e  i n t e r n a l  convertor propert ies ,  
t h e  design of t h e  whole convertor and t h e  p rope r t i e s  of t h e  e n t i r e  equipment. 

Besides t h e  neutron- 

The t e s t i n g  of t h i s  emit ter  out-of-pi le  and the t e s t i n g  of a s l i g h t l y  
transmuted form in -p i l e  i s  planned f o r  the report ing year 1.967-1968. Prepara- 
t i o n s  f o r  r eac to r  experiments i n  t h i s  connection are described i n  chapter 2.3. 

1.1.3 Emitters With Central Fission-Gas Lines 

The designs described i n  t h i s  sect ion have been worked out for t h e  pur- 
poses of study. 
construct ion of an element made up of emitters with separate  fission-gas l i ne  
by a rod with simple c e n t r a l  ventilation.,  whereby even here value would be 
placed on an extremely small inac t ive  e n i t t e r  length. 
central f iss ion-gas l i n e s  is presented i n  Figure 1.1. 
t o  t h e  one presented i n  Figure 1. 
ring-shaped co l l ec t ing  chambers i n  t h e  emit ters  are first only led t o  t h e  very 
next emit ter  i n  each case and are led t o  t h e - o u t s i d e  by t h e  emitters a t  t h e  
ends of t h e  elements. 
t h e  metallic f iss ion-gas l i n e  must  be interrupted by in su la t ing  s t r e t ches ,  
One p o s s i b i l i t y  for  t h i s  configuration has been preseiited enlarged i n  t h e  cross' 
sect ion.  
by t h e  bends i n . t h e  f iss ion-gas l i n e s  and t h e  loop at t h e  ends of t h e  elements. 

The goal of t h e  considerations was t o  replace t h e  complicated 

One p o s s i b i l i t y  with 
The emitter is similar 
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Here, however, t h e  f i s s i o n  gases from t h e  . 

Because of t h e  po ten t i a l  d i f f e rence  between t h e  emitters 

The var ious expansion between co l l ec to r  and emitter can be absorbed 
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without having large forces  exerted on the bridges.  The e n d s  of t he  elements 
a r e  of symmetrical design i n  t h e  l i g h t  of a series connection of many elements 
because otherwise two kinds of elements carrying f i s s i o n  gas and cesium would 
have t o  be b u i l t  a t  various ends as a coisequence of t h e  load-dependent direc-  
t i o n  of flow. 

Another p o s s i b i l i t y  with c e n t r a l  f iss ion-gas exhaust l i n e  is shown i n  
F i g w e  1.4. 
casing carrying the current .  
system takes place at one end again above the  bridge and a t  t h e  other  end 
above an insulat ing disk and a spring bellows through t h e  bridge of t he  next 

' e m i t t e r  o r  at t h e  end through a special  bridge. The f iss ion-gas e l ec t ing  
chambers i n  the  :enter of t he  emi t t e r s  are connected with one another through 
t h e  boring i n  t h e  in su la t ing  disk.  They are led t o  t h e  outs ide by a cen t r a l  
f iss ion-gas l i n e .  
absorbed by t h e  low-power spring bellows. According t o  t h e  dimension o f  t he  
f iss ion-gas canals between'the emitters, a s h i f t i n g  of f u e l  from one enlitter 
t o  another w i l l  e i t h e r  be permitted o r  completely prevented. A s h i f t i n g  o f  
fuel  is possible  i n  t h e  case of t h e  l a rge  borings shown. 
automatic reduction of t h e  temperature difference a t  t h e  emit ter  surface is 
the re fo re  achieved not only i n s i d e  an emit ter  but a l s o  between a l l  the emit- 
ters of t h e  element. 
for smoothing t h e  power output,  a small change i n  t h e  r e a c t i v i t y  of t h e  reac- 
tors can occur. 

Here the  fue l  forms a pipe-shaped l aye r  i n s i l a  t h e  emitter pipe 
'The centering o f . t h e  emit ter  i n  t h e  co l l ec to r  

Expansion d i f f e rences  between emitter and c o l l e c t o r  are 

In  t h i s  case, an 

In  t h i s  way, depending upon t h e  type of measures adopted 

The two designs carri.23 out each leads t o  a Cs proof and gaseous metal- 

However, it can be recognized here 
ceramic connection a t  t h e  emitter :emperatwe. 
t h i s  problem is not known t o  the  author.  
t h a t  an improvement of ex i s t ing  technology would configure t h e  entire con- 
s t r u c t i o n  of t he  thermiollic combustion element i n  a far less complicated . 

mnnner and thereby also less suscept ible  t o  disturbance. 

1.2 The Whole Element 

An appl icable  so lu t ion  of 

. 

In  t h e  present concept of a p a r t i a l  thermionic r eac to r ,  p a r t i a l l y  ,:er 
requirements which r e s u l t  from t h e  operating conditions of t h e  convertos 
r eac to r  have t o  be weighed against  one another i n  the  construction of t h e  
thermal combustion elements. For example, t h e  neutron-physical layout requires  
c o l l e c t o r s  having extremely t h i n  walls, while i n  t h e  e l e c t r i c a l  layout t h i ck  
c o l l e c t o r s  are advantageous. Frayed:off ca l cu la t ions  [7J and peneral consider- 
a t i o n s  led t o  t h e  following guidel ines  far t h e  design'of t h e  c o l l e c t o r  system. 

1.2.1 Requirements for  the  Design o f  Collector and Whole Combustion Element 

1) The product of t he  s p e c i f i c  e l e c t r i c a l  r e s i s t ence  and macroscopic 
neutron-absorption c ros s  sec t ion  should be as small as possible  a t  t h e  anodes, 
emitters and end pieces. 

2) Voltage drop i n  c o l l e c t o r  and emit ter  must be coordinated with one 
another so t h a t  the operating conditions within a c e l l  do not change too much. 

5 
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Figure 1 . 1 .  Cell of  a Thermionic Reactor Combustion Element 
With Separate Fission-Gas Exhsust Lines. 
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3) The r a d i a l  temperature drop i n  the  co l l ec to r  system should be smaller 
than 100°C a t  f u l l  p o w r .  

4) Axial semperature d i f fe rences  iii the  a c t i v e  range should remain - 116 
smaller than 3boC (such d i f fe rences  could be created by t h e  inf lux  of heat 
over t h e  br idge) .  

5) Tne s l e c t r i c a l  powor losses  over t he  in su la t ion  should be small. 
That is t h e  case ghen 

2 d s  5 K 52 c m  , ' (8COOC) 

where p is t h e  s p e c i f i c  e l e c t r i c a l  r e s i s t ence  and, 
i n su la t ing  layer ;  creep cu r ren t s  a t  t h e  ends of t h e  layer  can be neg lcc t r l .  

d is the  thickness of t h e  

' 6 )  Centering and form s t a b i l i t y  of e lec t rodes  shouid permit a d is tance  
between electrodes as small as possible .  

7) The ins ide  of t h e  co l l ec to r  system must be r e s i s t e n t  t o  CS vapor 
and t h e  outs ide p a r t s  must be resistent t o  l iqu id  metal and as far as poss ib le  
a l s o  t o  hydrogen. 

8 )  The followlng parameters should be optimum with respect  t o  a minimum 
s p e c i f i c  weight of t h e  en t i re requi rementwi th  t h e  given power output: cell 
length,  bridge dimensions, i n t e rva l  of t h e  a c t i v e  emitter ranges, c o l l e c t o r  
and emi t te r  temperature, temperature constant  of t h e  emitter sur face ,  Cesium 
vapor pressure and load r e s i s t ence .  4 

9)  The end pieces  with ducts  fo r - cu r ren t ,  cesium and f i s s i o n  gas must 
permit a su f f i c i en t  uniformity of t h e  power d i s t r i b u t i o n  and so should be ' 
b u i l t  up symmetrically. 

1.2.2 Description of Collector System and Whole Element 

The design construct ion of t h e  whole element i n  which t h e  requirements 
given i n  sec t ion  1 .2 .1  a r e  considered can be seen i n  Figures f . . l  and 1.2. 
t u rn  t h e  convertor aper ture  ( 0 . 5  mm), co l l ec to r  system (Nb-A1 0 -NbZrl), 
coolant aper ture , ,  outs ide jacke t  pipe (NbZrl.) and a schematic2 3diagram of 
t h e  moderator (Yttrium or  Zirkonium hydride) follow outs ide on t h e  emitters 
described i n  sec t ion  1.1.2. 
tem is described under 5. 
s tands  i n  good heat contact  with t h e  adjacent metal jackets and f o r  t h a t  rea-  
son leads one t o  expect pcod c h a r a c t e r i s t i c s  of heat conductance, 
vidual  c o l l e c t o r s  of the  system are centercd by means of insu la t ing  r ings  
made of A1203 and connected so as t o  be gas t i g h t .  
on t h e  co l l ec to r  and t h e  spec ia l  pos i t i on  of t he  br idge prevent vapor depos i t s  
on t h e  in su la t ion  r ing  by the  emitter and the  hot p a r t  of t he  bridge. 

In 

The method of manufacture of t h e  co l l ec to r  sys- 
It permits a very t h i n  layer  of insu la t ion ,  which 

The ind i -  

An overlapping pro jec t ion  - /17 

* .  

- ~ .Xf-_. 
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Centering t h e  emitter i n  t h e  co l l ec to r  system takes place 011 t he  one 
s i d e  d i r e c t l y  through the series-connected bridge and on t h e  other  s i d e  
through the  c e n t r a l  i n su la t ion  bodies by t h e  bridge of t h e  next emitter. 
Insulat ing d i s k s  between t h e  emit ters  should hinder t h e  formation of a con- 
ducting layer  and a gas discharge between adjacent emit ters .  

The c e n t r a i  i n su la t ion  body serves simultaneously i n  connection with 
s leeves t o  prevent a gas discharge between t h e  f i s s ion -gas  l i n e s  which are a t  
d i f f e r e n t  e l e c t r i c a l  po ten t i a l .  
m i t s  a deformation of t he  l i n e s  low i n  force.  Forces i n  t h e  f iss ion-gas l i n e  
will be caused by var ious thermal expansions of t h e  s t r u c t u r e  materials. 
5: cl taneously,  t h e  s p i r a l i n g  permits a reduction of t h e  d i s s i p a t i o n  of heat  
t o  t h e  ends of t h e  elements. 
ted i n  t h e  co l l ec t ing  chamber a t  t h e  end of t h e  element. 
f i s s i o n a b l e  gas is led t o  the  outs ide i n  a coaxial  l i n e  through t h e  cesium 
vapor l i n e .  
I n  order t o  make su re  t h a t  the element can be i n s t a l l e d  i n  any s i t u a t i o n  f o r  
t h e  purpose of series connection, t h e  f iss ion-gas and cesiun l i n e  are led 
through both- ends. 

The sp i r a l ing  of t h e  fission-gas l ines  per- 

Each ha l f  of t h e  f iss ion-gas l i n e s  i s  insula-. 
From t h e r e  t h e  

A c e n t r a l  l i n e  connects t he  two f iss ion-gas co l l ec t ing  chambers. 

A t h i ck  and vol tage-free connection of t h e  element with t h e  coolant l i n e  
system is possible-by means of a flange butt-welding j o i n t  a t  t h e  ends of  t h e  
pipe jacket .  
by grinding down t h e  welding j o i n t  i n  t h e  t e r r o s t r i a l  prototype r eac to r .  

The design presented was ca r r i ed  out i n  c lose  coordination with t h o  

This  a l s o  permits a r e l a t ive ly - s imple  so lu t ion  of t h e  connection 

development of connecting technology described i n  chapter 4.  

1.3 I n s t a l l a t i o n  of the  Combustion Elemen t  

A l l  t h e  s t r u c t u r a l  materials are degassed before  use. An experimental 
program for determining t h e  conditions f o r  degassing has a l ready been run i n  
our p lan t .  
box under a p ro tec t ive  gas. 

1.3.1 I n s t a l t a t i o n  of the Emitter 

The i n s t a l l a t i o n  of t h e  combustion element takes  place i n  a glove 

E) Manufacture of t h e  blanks 
2) Tensionless annealing and degassing 
3) Welding up t h e  f iss ion-gas tubes by means of e.-rays 

Leak Test of  the Seam 

4) F i l l i n g  up with f u e l  
5 )  Shedding off t h e  emittel-s , 

Leak Test o f  t h e  Seams 

6) 
7) Polishing t h e  emi t t e r .  surface 

W - 1 ayer ing 
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8 )  Degassing the finished emitters 

Mass Check 

Test of the Emitter in the Convertor Operation at a Suita6le 
Working Point of the Characterlstic Line 

1.3.2 installation of  the Combustion Element 

1) 

2) 

Manufacture of an anode piece with tightened bridge and degassing of 

Connection of the bridge with the emitter per diffusion bonding 
this part 

E l .  Measurement of Resistence 

3) Adding the second half of the anode by making a connection of the 
metal and ceramic for separating the anode in the series connection 

Leak Test o f  the Metal-Ceramic Connect ion 

4) 

5) Locking the combustion element 

Assembling the combustion elements and welding the individual anode 
halves below one another 

Leak Test of the Element 

6 )  

7) 

Attaching the layer of A1203 by means of plasma spraying and plain 

Shrink fitting of the outer pipe jacket by zones 
grinding of the ceramic layer 

Final Leak Test 

insu1ation Test 

8 )  Evacuation and closing' off the combustior. element 

2. Fuel investigations 

2.1 Non-Venti lated Fuels 

/19' - 

2.1.1 Reduction. of  Expansion o f  Non-Vent i latied Emi ttsrs by Reducing 
Tempera t u  re 

2 . L l . l  Statement of the Problem 

In using U02-Mo-Cermet as well as coated particles coated by Mo as fuel 
and cathode material in the thermionic reactor combustion element, an expan- 
sion effect of the cathode is t o  be expected at the high temperature of 

12 



u t i l i z a t i o n  of 2,000'K and t h e  required burn up, and t h i s  expansion leads t o  
destruct ion of t h e  convertor before reaching t h e  end of its necessary l i f e span  
r51. 

Therefore, t h e  prolonging of t h e  l i f e t ime  expectzd as a consequence of 
expansion as a function of a reduction of temperature w;?s t he re fo re  t h e  sub- 
ject of t h e  following described invest igat ions.  

2.1.1.2 The Creep Law for Molybdenum 

The general  form of t h e  creep law f o r  metallic working materials is as 
following [SI : 

2 where E is t h e  change i n  length i n  %,a is  t h e  stress i n  kp/mm , t is t h e  
time i n  hours, T is  the  absolute  temperature i n  degrees .(OK). 

k(KI, n(TI and m(T) are c h a r a c t e r i s t i c  functions f o r  spec iz l  metals, e.g. f o r  
Mo. 
Larson-Miller equation: 

A statement as t o  t h e  connection of  these functions is provided by t h e  

T( K,-lrl& Tr (C,-ln & I  (2 2) 

I f  t h e  creep da ta  of Mo are evaluated, as  they were published by General 
Electric [9] for t h e  temperature range from 1,20O0C-2,4OO0C, then it i s  found 
t h a t  id(T) and n l T )  are funct ions which are only s l i g h t l y  dependent on tempera- 
t u re ,  while k(2') i s  r e l a t e d  as an exponential f a c t o r  t o  T (Figure 5-Figure 6 ) .  
The form of k ( T )  derived from t h e  experiment agrees well with t h e  one derived 
from t h e  Larson-Miller equation f o r  t h e  case where m = constant and n = con- 
s t a n t ,  Therefore t h e  out-of-pile creep law f o r  Mo reads as follows: 

- . .  

for 

where 

1473'Kd 7 42673°K 

is' t o  be used. 
I .  

(2.3) 
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2.1 .1 .3  The Change of the'Longcv*ity of a Thermionic Combustion Cathode a s  a 
Function o f  the Emittet Temperature w i t h  O p t i m u m  Convertor Operation 

The expansion e f f e c t  of a Cermet or' a coated p a r t i c l e  batch with t h e  
given i n t e r n a l  s t r u c t u r e  has a l ready been given by t h e  author f o r  t h e  special 
appl icat ion case T = 2,073OK [3] .  By considering t h e  equation ( 2 . 3 ) ,  t h e  
r e l a t ionsh ip  given t h e r e  can be given i n  a form which is  v a l i d  fo r  t h e  e n t i r e  
temperature range of i n t e r e s t  as follows: 

3 .  e), U(%) (U02 concentration of t h e  cathode) T ( O K ) ,  W(kW/cm ), ri(cm) 

( p a r t i c l e  r ad ius ) ,  V ( S )  (proportion of  pores i n  t h e  UOz),.U02 = 74.1% ( U 0 2  

t ( h )  or with n = 4.0  = 0.75: 

P 
space f i l l i n g  with hexagonal spherical  packing) = (kp/mm2h), k(T) ( 1, 

The function x is defined herein as follows: 

(. Increase of S t r e s s  i n  the.310 ' 

Unit of Time X =  

(2.5) . 

(2 .6)  

The l imi t a t ion  of equation (2.4) or (2.5) t o  t h e  temperature range 
1,50O0-2,4OO0C compared t o  the. 1xsic equation (2 .3)  has the  following reasons: 

a) It must be taken i n t o  account +,m. mXy above 1,500°C a l l  f i s s ionab le  
gases a r i s i n g  a r e  given o f f  i n t o  t h e  f~s t - iun-g i i s  pores and do not remain 
behind i n  t h e  U 0 2  [ lo].  

Below 1,5OO0C, t h e  touihness oi U02 neglected i n  t h e  derivatiofi 
increases  i n  such ,a. way t h a t  t h e  s impl i f i ca t ion  of  neglecting t h e  toughness of 
t h e  Ub 

b) 

is no longer permissible. 2 

If t h e  longevity T of t h e  cathode i s  defined as t h e  time which t r a n s p i r e s  
ud t i l ' an  expansion effect of 1% has been achieved, then we obtain from (2 .4 )  
o r  (2.5) 

' 2 .  

(2.7) 



I f  now a combustion cathode is  operated with reduced ,'ewer and tempera- - /23 
t u r e ,  then t h e  expected change o f  longevity is obtained from t h e  relat ionship:  

The rela+.ionship w, /e can be represented' a s  follows: 

Since k/ko i s  likewise known from t h e  creep experiments, equation (2.8) can 
be transposed i n t o  the  following form: 

(2.10) 

The thermal surface power of a convertor running a t  optimum as a function of  
emitter temperature was determined on t h e  best W emitters investigated a t  
t h a t  time i n  our plant  and which were combined with a sprayed layer  of plasma 
with a vapor p l a t ing  top  layer.  
a geometric configuration of t h e  fue l  cathode, the necessary power densi ty  
W 
t h e  working temperature of tile convertor. 
a l l o t t e d  t o  each emit ter  temperature T and t h e  r e l a t i o n  T / T ~  is still  only a 
function of T. That means t h a t  from: 

From these measurements and on tI.2 b a s i s  of 

created by nuclear f i s s i o n  i n  thc ' fue l  was determined as a function o.f 
opt 

In so doing, one x is c l e a r l y  

. - ..... _ -  - 
Wopt (71- w p 3  (with an approximately 0.5 mm electrode (2.11) 

dis tance)  \ 
.. 

It follows' t h a t :  
.- - _ -  .- . . 

(2.12) 

Equation (2.12) represented t h e  desired connection between t h e  longevity of a 
Cermet and t h e  operating temperature of an optimizeu thermionic convertor, 

/ 24 Let equation (2.12) be evaluated f i n a l l y  for  the  following exampie: 
II 
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.To = 2073'K T = 1800'K 

This means t h a t  a redkction of t h e  emit ter  temperature from 2,073"K t o  1,800"K 
with the  same and still  permissible expansion leads t o  an extension of  t h e  
longevity by about t h e  factor of 4. 

2.1.2 Out-of-Pile Investigations o f  Coated P a r t i c l e s  w i t h  Mo Shells 

2.1.2.1 Statement of the Problem 

In  t h e  1965 annual report  [SI ideas  were developed by us how a nuclear 
heated thermioiiic emitter could be constructed from coated p a r t i c l e s  with a 
Mo coating. 
commercially avai lable .  
t h e  commercial coated p a r t i c l e s  are s u i t a b l e  for use i n  a thermionic. 
convertor. 

The idea l  p a r t i c l e  dimensions calculated the re  are, however, not 
I t  is  therefore  being investigated t o  what extent 

For this purpose, during t h e  period of the  r epor t  coated p a r t i c l e s  from 
t h e  firm of NUKEM, GmbH were obtained: 

r 
i 

I 
2.1.2.2 Heating Table Investigations I 
2.1.2.2.1 Experimental 

. The invest igat ions are ca r r i ed  out i n  a'commercial heating table under E? 
vacuum of approximately 
The coated p a r t i c l e s  t o  be investigated l i e  i n  a semicircular d i sh  d i r e c t l y  
on t h e  heatin'g conductor. 
pyrometers with consideration of t h e  absorption losses  on the covering g l a s s  
of t h e  heating t ab le .  
Better r ep roduc ib i l i t y  cannot be achieved since very quickly a covering layer  
of material vaporized from the  coated p a r t i c l e  forms on t h e  g l a s s .  

mm next Hg pressure using a Mo heating conductor. 

The temperature measurement takes place through 

The accuracy of measurement i n  t h i s  case is  about +-7OoC. 
I 

f 
t 
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The increase of absorption by the p rec ip i t a t ion  o f  vaporized svhstance 
is  a l s o  applied i n  t h e  estimation of the  change of vaporization r a t e s ,  

i 

I 

1 

I ;-2.1.2.2.2 Program o f  I west i ga t ion 

- 
-of t h e  invest igat ions i s  t o  obtain infoL-mation as t o  t h e  s i n t e r  behavior of 
coated p a r t i c l e s  a s  well as t o  obtain information on the  behaviour of vapori- 
zation. 

2.1.2.2.3 Experimental Results 

I 
!-"- 

The experimental program ca r r i ed  out  can be seen from Table 2.1. The goal 

1 
I - Type 1 coated p a r t i c l e s  have a smooth surface and a uniform coating 

thickness i n  t h e  condition i n  which they n e  delivered, as invest igat ions of 
polished sec t ions  showed. When they a r e  heated a t  convertor temperatures, a 
roughening of t h e  surface i s  observed within cne hour. 
appears spo t ty  as a consequence of  t h e  emission capab i l i t y  which varies from 

The surface then 

-point t o  point.  I 
I ",'''C i' 

. ( , - I  
_ _  
!- I n  t h e  invest igat ion of Type 2 and 3 p a r t i c l e s  these phenomenon t o  scme 
-extent a l ready occur after ten  iiiinutes. 
- t h e  coated p a r t i c l e s  already possess a f a i r l y  rough surface i n  t h e  condition 
- i n  which they are delivered. Hand i n  hand with t h i s  advancing roughening of  
' t h e  surface,  bridge formations with adjacent p a r t i c l e s  can also  be observed. 
-Gradually t h e  loose band of p a r t i c l e s  grows together t o  a batch. 
-while still i n  the  period of observation the  roughening leads tr, a formation 
-of cracks i n  t h e  coating. 
[ t i g a t i o n s  of polished sect ions show-on the  upper layer of t h e  coated p a r t i -  
gcles as a consequwce of the  temperatur'e being somewhat less there .  

-2,000'K and room temperature) a l l  these phenomena appear more often and more 

This may be caused by t h e  facts t h a t  

Final ly ,  

The vaporizing U02 coiidensx+-as subsequent inves- 

I n  t h e  case of invest igat ions with changing temperature (cycles between - /26 - 
f requent ly ,  I '  

L i ! 

B increased. . ! 

2.1.2.3 Long-Term Heating Tests  a t  2,100'K i 

I I'c could be observed simultaneously i n  all cases t h a t  the rate of cmden- 
joysation of t h e  p a r t i c l e  surface decreases about 50% as t h e  heating time I 

I 

1 

i ..< 

,2.1.2.3.1 Experimental 
-, 

I_ 

case, t h e  vacuum during t h e  first 24 hours is about mm Hg pressure,  and 
then it gradually reaches loe6 mm Hg pressure,  
w i t h  a pyrometer, where the absorption a t  t h e  g l a s s  observation post is cor- 
rected.  
A 1  0 was first used as c r w i b l b  material, but t h i s  was later replaced 
' 2 3  

The heating is carr ied out i n  a resisteme furnace under vacuum. In  t h i s  

The temperztures are measured 
, 

The accuracy of measurement probably comes t o  k30' a t  2,000°K. 

a - -  



2.1.2.3.2 Program of lnvestigat ion 

The goal of  t he  invest igat ions is t o  repeat  t h e  r e s u l t s  
table invest igat ions under d e f i n i t e  conditions and t o  extend 
t o  longer times. The experiments ca r r i ed  out can be seen i n  

2.1.2.3.3 Exper i men t a  1 Resu 1 t s  

of t h e  heating 
t h e  experiments 
Table 2. 

The f i n a l  metallographic invest igat ion f o r  experiment number 1 according 
to  Table 2 shows the same roughening as was found a l s o  i n  i rwest igat ion of 
t h e  heating table .  Figures3 and 4 show a comparison of t h e  polished sect ions 
of t h e  coated p a r t i c l e s  before and a f te r  heating. 
found fer experiments numbers 2-4/Table 2, even i f  i n  'exaggerated form. In  
s p i t e  of t h e  fact t h a t  t h e  i n i t i a l  condition of t h e  coated p a r t i c l e s  is 
d i f f e r e n t  (cf. Figures 2.3 arid 2.51, nevertheless t h e  f i n a l  condition after 
239 hours heating is almost t he  sane (Figures 2.6 and 2.7). The roughening 
of t h e  surface has proceeded so f a r  i n  t h i s  case t h a t  t h e  s h e l l s  have o f t en  
broken open several  tinL;. 

2.1.2.4 Chemical Investigations - /27 

2.1.2.4.1 Statement of the Problem 

The same r e s u l t s  are a l s o  

It was found for a l l  heating tests t h a t  a .considerable  amount of  sub- 
stance was vaporized from t h e  coated p a r t i c l e s .  The goal of t h e  investiga- 
tions is t o  detsrmine the  composition of t h i s  substance q u a l i t a t i v e l y  as t o  
t h e  extent  possible  a l s o  quan t i t a t ive ly  . 
2.1.2.4.2 Experimental I. 

For ac t iva t ion  analysis ,  port ions of t h e  sample materials are i r r ad ia t ed  
Then the  act ivated materisl i s  separated radiochemically and t h e  i n  the  FRM. 

individual f r ac t ions  measured i n  a 6-spectrometer. 
t h e  semi-quantitative ana lys i s  must be estimated a t  20-50%. 

2. I .2.4.3 Experimental Results 

"coated pa r t i c l e s t t  for  8 and 75 hours a t  1,830"C and found on the A1203 

crucible .  

2.1.2.5 Conclusion i 

The margin of e r r o r  of 

1 
P r ec ip i t a t ions  were investigated which were created i n  heating Type 1 

The r e s u l t s  of t h e  analyses are compiled in.Table 2.3. 
I 

, 

Coated p a r t i c l e s  which still l ay  within t h e  realm of the-commercial 
capab i l i t y  of t he  manufacturer (NUKEM) were investigated; t h i s  appl ies  both 
t o  t h e  diameter of a minimum of 70-120/~ as well as f o r  t h e  minimum Mo layer  
thickness of 2-3/p. 

The configuration of coated p a r t i c l e s  i n  t h e  purchased Condition is qu i t e  
varinus. While a f r a c t i o n  of 15O/p 0 possesses a smooth and uniform coat ing 



of Mo on almost spherical-shaped UO 
ex t r ao rd ina r i ly  rough surface.  
configurat ion of t he  U 0 2  body. 

of t h e  surface takes  p lace  which already begins within one hour and in s ide  
239 hours leads t o  a rupture  of t h e  blo she l l .  
ing of t h e  surface,  it is a l s o  observed t h a t  t h e  loose group of p a r t i c l e s  
fuse together  t o  form a batch. 

bodies, %he f r a c t i o n  70-120/p 0 had an 2 
This is caused by the-bumpy and out-of-round 

If t h e  p a r t i c l e s  are heated a t  approximately 1,8OO0C, then a roughening 

Hand i n  hand with the  roughen- 

/ 28 - An evaporation of t h e  surfaces  is noted during the  heat ing.  The r a t e  
of evaporation decreases about 50% within one hour and then remains constant .  
A s  expected, Mo with over 99% by weight forms t h e  chief proportion of t he  
evaporating substance. Along with Mo, with 0.6% by weight t he re  i s  a smaller 
proportion of tungsten, arid i n  one case an addi t iona l  0.4% of uranium. 

The ex is tence  ef tungsten i n  t h e  p rec ip i t a t ion  is  surpr i s ing ,  f o r  even 
when the  Mo coat ing contained tungsten with 0.6% by weight as an impurity, 
t h e  tungsten should be found only i n  a very small mass because of its much 
smaller vapor pressure i f  we are deal ing here  with t h e  evaporation of pure 
metals. 
same types of a t t r i t i o n  are t o  be expected i n  the same order  of magnitude f o r  
Mo and W. 
metr ica l  U02 nucleus. 

of 8 hours and not after 75 hours dura t ion  can be explained as follows: 

2 

In any case, i f  t h e  sur face  is eroded by evaporating oxides, t h e  

Oxygen can d i f f u s e  t o  the  surface from any poss ib le  over-stoFhio- 

- -  _ _ _  - -  

A proof of uranium i n  t h e  p rec ip i t a t ion  only i n  t h e  shorte;. hea t  test 

The coated p a r t i c l e s  still have a s l i g h t  sur face  impurity with UO 
stems from t h e  manufacturing process. The U02 evaporates immediately after 
heat ing and p r e c i p i t a t e s  on t h e  c o l l e c t o r  and spreads out  from there--since 
t h e  latter is still found a t  almost t h e  temperature of t h e  sample--gradually 
throughout t h e  whole furack. 

Bet ter  r e s u l t s  with coated p a r t i c l e s  f o r  i n -p i l e  tests are reported by '  

which 

. 
Winkenbach [lo]. 
NUKEM, have, however, a t h i cke r  coating of Mo (lO/p) 
gat ions of t h e  i r r ad ia t ed  p a r t i c l e s  showed [ll], these  a l s o  show t h e  same 
c h a r a c t e r i s t i c  roughenings as we have found them a l s o  i n  t h e  out-of-pi le  
inves t iga t ions .  
t h e  i r r a d i a t i o n  of 1,200 hours a t  2,000"K ,is i n  t h e  opinion of t h e  author ,  
however, merely t o  be understood by the  th i cke r  Mo s h e l l  and t h e  temperature 
which was about 100' lower. 

The coated p a r t i c l e s ,  which are likewise manufactured by 
A s  subsequent i nves t i -  

The faTts  t h a t  t he  p a r t i c l e s  nevertheless  remain dense during 

In  summary it can be sa id  t h a t  t he  coated p a r t i c l e s  with t h e  Mo s h e l l s  - /29 
ava i l ab le  at t h e  time a r e  not  s u i t a b l e  a s  nuclear fuel, f o r  thermioric con- 
ve r to r s .  I n  p a r t i c u l a r ,  t h e  quest ion of thermal 

20 
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roughening of t h e  coated 

- 
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p a r t i c l e  surface at t h e  conve&or temperature, which under c e r t a i n  cond 
is connected with the  stoichiometry of UO nuclei ,  must be invesr igated 
more d e t a i l .  

2.2 Ventilated Fuels 

2.2.1 The Emirter ... 

2.2.1.1 S t a b i l i t y  of  Shape - 

2 
+- $J >A I I 

I 

I 
I 

‘ *r&V : 
- 

t iotis  
i n  

The construct ion of t h e  emitter is represented i n  Figures 1.1 and 1.2 
and described i n  chapter 1.1.2. 
at t h e  high temperature and the  sho r t  d i€fus ion  paths  almost completely from 
t h e  f u e l  from [lo] and are taken o f f  in t he  proper fashion. 
s o l i d  f i s s i o n  products cause a solid body expansion of t h e  U02. However, as 
t h e  following considerat ions w i l l  show, t h i s  only leads  t o  a s l i g h t  change in 
shape of t h e  molybdenum, although both UO as well as molybdenum can be’con- 

s idered almost completely p l a s t i c  a t  1,700-1,8OO0C. 
ava i l ab le  i n  technica l  l i t e r a t u r e  [ S ,  91 it i s  found tha t - - in  case t h e  stres- 
ses are s u f f i c i e n t l y  smal l - -UO creeps f a s t e r  than 3110. Not u n t i l  above a 

c e r t a i n  l imi t ing  stress does Mo creep  faster. than U02. Since poss ib le  stres- 
ses occurring a r e  immediately compensated by creep, it is assumed t h a t  w e  
remain i n  t h e  a rea  in  which UO creeps faster than No. It  is the re fo re  

expected t h a t  t h e  expansion of t h e  uraniun dioxide leads c h i e f l y  t o  an expan- 
s ion  i n  t h e  d i r ec t ion  of t he - inne r  cells and t h e  molybdenum body-of t h e  emit- 
tcr changes only very little. 

2.2.1.2 Fuel Transport and Ternpp tu re  Compens’atio i n a s  Emitter 

The gaseous f i s s i o n  products a r i s i n g  d i f f u s e  

The renaining 

2 
From t h e  c reep  da ta  

2 

2 

%%?? - -  - 

I 

It is well known t h a t  U O Z - a t  t h e  operating 8” 

mm Hg pres  
I 

? 

! 

2,000°K has a vapor pressure of 

occur and which lead t o  t h e  formation of an empty space i n  t h e  emitter. 

I 
I 

operat ing t h e  emi t te r ,  t h e  f u e l  re loca t ions  already described i n  chapter 1.1.2 
The 

Since t h e  free length of path is l a rge  compared t o  t h e  d is tances  of t he  /30 
sur faces  standing.engaged i n  t h e  exchange of material, .the evaporation values 
given by Rom [14] can be us  approximation. Because t h e  U02 rods 

are f i l l e d  with a p lay  of t magnitude of  t e n t h s  of millimeters, 
it can be expected t h a t  t h e  ount of fuel during t h e  i n i t i a l  phase w i l l  
evaporate and recondense on 11s. The, t r anspor t  of material takes  
place r e l a t i v e l y  fast s ince  rating f u e l  columns--because of t h e  poor 
heat  t ransference t o  the  Mo-- y shows a h ighw temperature than the  
f u e l  condensed on t h e  Mo. -- pre‘ssure of t he  condensed U 0 2  can remain 

undisturbed i n  good approximation i n  estimating t h e  r a t e  of mater ia l  t r ans -  
por t  because of t h e  s t rong temperature dependence of t h e  U02 vapor pressure 
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1131. 
since the resistence to heat transfer between evaporating UO column and con- 
densed film is undefined and difficult to obtain by calculation. One estima- 
tion of the relocation time carried out under the limitations described comes 
to 

An exact consideration of these effects is.practically not possible 
2 

tu- 200 - 300 h 

Temperature inhomogeneity in the emitter is compensated for by the facc that 
a UO 

place. 2 
burned off and provides the additional heat energy which is still necessary 
for temperature compensation. is 
to be expected at an emitter temperature of 2,000'K and with a temperature 
difference of 20' so that this inhomogeneity of 1% of the rated value should 
be conipensated for by the relocation of fuel in approximately in 

transport takes place through the gas phase from the hot to the cold 2 
The UO which additionally condenses at the colder places is likewise 

For example, such a transport rate of 30 2 

tii ~$r lOO--h 

As the above, rough estimations have shown, the time necessary for leveling 
the temperature is smaller than the transition time of the emitter from the 
initial condition to the condition of fuel: equilibrium distribution. 
therefore be expected that a quite uniform temperature distribution will be 
established on the emitter surface at the end of this first burn out phase. 
-More exact calculations for the problem of UO 

It can 

transport in the emitter during 2 
/31 operation are planned in the future reporting period. - 

Attention must be paid to a corresponding U/O ratio because of'the 

If the 
expected relocation processes extending over the evaporation phase. 
approximately stoichiometrical 1J02 evaporates congruently [E]. 
stoichiometry is not present, then UO or U03 occurs in the gas phase along 
with U02.  UO and UO 

a penetration of U into the Mo. 

Only 

can cause an oxygen corrosion of the emitter or lead to 3 

2.3 Preparation of Radiation Tests of Emitters 4 

2.3.1 Extrapolation of the Expansion Effect Occurring at Time Swept Radiation 
Experiments of  Thermionic Emitters 

2.3.1.1 Statement of  the Problem 

The expansion of the fuel cathode.conceived by us is in any case contr71- 
led by the creep law of Mo at an operating temperature of 2,000'K. Ps a 

~ ~ _ _ - _  __-.-..I -1 . -  - - _ -  
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consequence, t he  expansion cannot acce le ra t e  corresponding t o  the  burn out 
sweep if t h e  creep of t h e  Mo i.s not a l s o  accelerated by a corresponding 

. increase i n  tenperature.  From t h i s  we have t h e  first t a sk .  

a) Finding t h e  temperature increase AT as a function of t h e  burn out 
sweep p. 
t h e  fue l  follows an exponential law of time with a high exponent. 
t h e  expansion e f f e c t  remains under t h e  indicated l i m i t  of t h e  measuring pro- 
cess, it cannot be determined i n  a t r i v i a l  manner. The r e s u l t  of t h i s  is an 
"incubation period" of t h e  expansion.depending upon t h e  measuring process. 
Here w e  f i n d  t h e  second task.  

In  paragraph 2.1.1.2 the  author pointed out t h a t  t h e  expansion of 
So long as 

b) Judgment of t he  s t a t e d  value of a time extrapolat ion of t h e  expan- 
s ion  effect from t h e  ava i l ab le  experimental r e s u l t s .  

2.3.1.2 Determination of the  Temperature Increase AT as a Function o f  t h e  
Burn Out  Sweep p 

If t h e  experimental r e s u l t s  of  a genuine timed sweep should correspond 
t o  t h e  burn out sweep f a c t o r  p, then t h e  following condition must apply t o  t h e  
deformation as a consequence of expansion: 

(2.13) . 

-__ . .. .- For simple burn out For p-multiple burn out  

T = Temperature, t = Operating Time, and p = Sweep Factor of t h e  Burn Out. 

. .  
A deformation of t h e  emitter surface can only t ake  place as a conse- 

quence of molybdenum creep i n  t h e  present cathode types.  
t h e  creep law f o r  molybdehm must be made a b a s i s  i n  t h e  detepminarion of t h e  

As a consequence, 

. temperature increase AT. 
1 

4 

(2.14) 

, 
A l i n e a r  s e tup  is permissible if t h e  f i s s ionab le  gases are not  ven t i l a t ed  f o r  
t h e  temporal behavior of t h e  stress with time during t h e  burn out. 

+ a p t  (2.15) 

a < Proportional f a c t o r ,  which a l s o  simultaneously contains a l l  t h e  necessary 
geometric factors. 

-* - . - -- 
.. . 
i . . , . . . . 
1 ,. . . . .  



When equation 
i n t o  consideration 

I 

If now equation (2. 
, follows t h a t :  

(2.15) i s  now introduced i n t o  (2.14) and integrated taking 
the  boundary condition ~ ( 0 . f )  = 0 we obtain: 

! I 1 i 
i : (2.16)- 
! 

I i 

f 

16) is used for both cases p = 1 and p > 1 i n  (2.13), it ' 

1.l order t o  evaluate t h e  equation (2.17), it can be assumed i n  a l imited 1 

temperature range t h a t  t 
i 
I M(T) :M,+ t  M,, (7) ! 

--_ -I__ _ - _  --4 NfT) =No +L Nv f t) 

_ -  

(2.18) VCO 
- 

I 

I - 
- - -- . veo. - 

i 
j .  

i 

- i 

The s impl i f i ca t ion  is so fa r  not t o o - i n c i s i v e  s ince M and N only s l i g h t l y  
depend upon temperature. If equation (2.18) is introduced i n t o  equation 
(2.17), then w e  obtain 

$ 
*- 

,- ! .  
(2.19) 

._ 

i- I i - 
-t ionship of t h e  creep rate using t h e  simplifying assumption of equation (2.18) , 
and fo r  a small temperature range, then w e  f ind:  

If the Larson-Miller r e l a t i o n  is  now evaluated f o r  t h e  temperature rela- 

- 
j 

(2.20) 

I 
C = Constant 

- 

k(T) was obtained. 
From t h e  experimental r e s u l t s  of General Electric [9], t h e  behavior of: 1 

1 If t h e  results are corelated,  then we obtain: 
I . .  . -. - .-_+._- -. - - - .-c.. --I . ~ 
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AT= 7OInp (2.21) 

Therefore, a temperature increase AT can now be c l e a r l y  a l l o t t e d  t o  a 
burn out sweep p i n  a temperature range of t he  operating temperature of ther -  
mionic convertors of 2,00O0K, i n  case  a time sweep corresponding t o  the  burn 
out  sweep is des i red  i n  t h e  study of t h e  expansion e f f e c t .  

134 - 

2.3.1.3 Evaluation of t h e  Stated Value o f  a Time Extrapolation of the  Expan- 
sion Effect  from the Experimental Results a t  Hand 

After the  end of t h e  r ad ia t ion ,  t h e  diameter of t h e  cathode can be 
measured with a measuring process having the  accuracy g. 
may obtain:  a) the re  is an expansioii e f f e c t  which is  measurable; b) t he re  
is no expansion e f f ec t  which is  measurable. 

In  t h i s ,  two cases 

a) In  t h i s  case, an ex t rapola t ion  t o  f a i r l y  long u t i l i z a t i o n  times is  I 
simple if  one starts according t o  equation (2.14) from a s impl i f ied  form of 
t h e  t i m e  and behavior of t he  expansion. 

1 

With a known M, K can be determined from t h e  experimental time and the  expan- 
s ion  e f f e c t .  1 

B 
b) I n  t h i s  case, an ex t rapola t ion  is very unsure, s ince  two other  pos- .I 

3 

f 
8 

1 
I 
i 
f 

s i b i l i t i e s  must y e t  be discussed: 
has taken place,  but  t h e  e f f e c t  is  smaller than t h e  accuracg of measurement g. 

A decis ion between t h e  two p o s s i b i l i t i e s  cannot be rade.. One can merely 
For t h i s  case it must be assumed t h a t  the expan- 

no expansion has taken place;  an expansion 
i 

o f f e r  a maximum est imat ion.  
s ion  e f f e c t  would have been measurable if  t h e  experiment had only been con- . 

t inued on f o r  a shor t  period of time. Then it follows: i 

I 
I 
r 

- 
... 

! , I  (2.23) 

i 
i 
I 

' /35 1. 

= Expansion time; g = Stated Limitation of the,Measuring Process. i 

In  t h i s  way we have an upper evaluat ion of t he  expansion e f f e c t  as a - 
funct ion of time. 

_._.. . , . . _ _ _ .  . ~ _ _  ... 

. .  

. .  
c i ,  . ,  
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Thus t h e  value o f  t he  extrapolat ion i s  c lose ly  connected t o  t h e  accuracy of 
measurement g and the  i n - p i l e  experimental time t 

l y  20 mm i n  two years  is st i l l  not permissible. 
t o r  of 2 appears possible .  
measuring process must permit measurement of an increase i n  diameter of t h e  
cathode according t o  (2 .23 )  of lO/p.  
months, a r e so lu t ion  capaci ty  of 1 . 5 / ~  is required. 
t h e  experimental time l i m i t  therefore  represents  j u s t  t h e  poss ib le  reso lu t ion  
capac i ty  of t h e  diameter measuring process. 

2.3.1.4 Conclusion 

0'  ' 

A time sweep about t h e  f sc -  
With an experimental time of say s i x  months, t he  

With an experimental time of t h ree  

Example, A t o t a l  expansion of 1% with a cathode diameter of approximate- 

A na tu ra l  l imi t a t ion  of 

A temperature increase  belonging t o  a p a r t i c u l a r  burn out  sweep can 
c l e a r l y  be ca l cu la t ed ,  
can be sought i n  t h e  s t rong r e l a t ionsh ip  of creep r a t e s  t o  temperature. 
t h i s  r e s u l t s  t h e  still higher requirements for accuracy of t h e  temperature 
r e g u k t i o n  during t h e  rad ia t ion .  

The l a t t e r  is r e l a t i v e l y  smkll. The reason f o r  t h i s  
From 

Extrapolat ions of t h e  expansion e f f e c t  f o r  longer u t i l i z a t i o n  t imes from 
-shor te r  and possibly time-swept r ad ia t ion  experiments a r e  very uncertain.  
For proof t h a t  t he  permissible  expansion r a t e  of 1% i n  two years  is  not 
exceeded f o r  one of t h e  cathode types suggested, minimum experimental t imes 
of 4 t o  6 months are necessary. 

2.3.2 Radiation Experiments 

2.3.2.1 Statement o f  the Problem 

- .- ~ ._ - - - -.-- __ 

The preparat ion of r ad ia t ion  experiments with f u e l  emi t te rs  was begun. 
The experiments were t o  be ca r r i ed  out i n  the  second isotope canal of t h e  
Federal  Republic i n  Karlsruhe.' The goal of these  r ad ia t ion  experiments is  t o  
obta in  da t a  on the  long term behavior, i.e., t o  answer t h e  question whether 
t h e  proposed emi t te rs  operate  s a t i s f a c t o r i l y  during t h e  planned long term time 
of about two years  under t h e  operating conditions of thermionic c e l l s  (temper- 
a t u r e ,  heat  output ,  expansion and creep l i m i t s ) .  

- /36 

For t h i s  reason, t h e  emi t te rs  which i n  t h e i r  e s s e n t i a l  c h a r a c t e r i s t i c s  

The emi t te rs  are f i l l e d  with t h e  planned amount of 

Only 

correspond t o  t h e  ones t o  be used later .in t h e  thermionic convertor combustion 
element are i r r ad ia t ed .  
f u e l  and provided with a tungsten layer ,  t he  series-connected bridge and 
-(depending on type) with a f iss ion-gas l i n e  and a co l l ec t ing  chamber. 
under these  experimental conditions a r e  results t o  be expected on t h e  thermal 
loading of f u e l ,  t h e  mechanical s t r e s s  of t h e  s t r u c t u r a l  mater ia l s ,  t h e  
behavior 
r ad ia t ion  and the  functioning of tile f i ss ion-gas  ven t i l a t ion .  

of t h e  tungsten layer  a t  operating temperature and under r eac to r  

In  order  t o  shorten 
such a way t h a t  t he  f u e l  

26 

t he  r ad ia t ion  time, t h e  experiments are arranged i n  
developes double t h e  spec i f i c  hea t  output. as i n  the  -~ 

- 

t he  r ad ia t ion  time, t h e  experiments are arranged i n  
developes double t h e  spec i f i c  hea t  output. as i n  the  -~ 

- 



nominal operation i n  t h e  thermionic convertor coiiibustion element (heating 
surface load a t  t he  cathode surface is 100W/cm2 ' instead of S01V/cm2) . 
t h i s  way, t h e  doubled burn out i s  achievcd i n  the given experimental time or  
t h e  time i n  order t o  sweep the  time by f a c t o r  of 2 .  For a time accelerat ion 
of temperature control led processes such as creep o r  d i f fus ion ,  t he  tempera- 
t u r e  during r a d i a t i o n  must be r a i sed  by about 50°C (see paragraph 2.3.1).  
One r a d i a t i o n  t e s t  each i s  planned with th ree ,  s i x  and nine months r ad ia t ion  
time so t h a t  burn out conditions are achieved such as would be present af ter  
s i x ,  twelve and eighteen months operating time undcr nominal conditions.  

In  

Since t h e  creep r a t e  of niolybdenum, depends s t rongly on temperature, t h e  

Therefore a r ad ia t ion  capsule should be construc- 
cathode's temperature must be measured exact ly  and ca re fu l ly  control led during 
t h e  r ad ia t ion  experiments. 
ted which f u l f i l l s  t h e  following functions: 

a )  A high surfac'e loading of  t h e  emitter surface of 100W/cm2 (rod w i t -  
put 628W/cm) must be led away, where.the temperature d i s t r i b u t i o n  over t h e  
e n t i r e  length of  t h e  emitter must be similar t o  t h a t  of t h e  emitter i n  the 
convertor cell .  

b) The emitter must be maintained fame free s o  t h a t  changes In form 
which develope as a consequence of expansion of t h e  f u e l  and d i f f e r e n t  thermal 
expansion can t ake  place unhindered. 

c) The r a d i a t i o n  capsule must be provided with an . ._ instrumentation t o  
measure t h e  emitter temperaturs. 

I 

d) Changes of emit ter  power which occur owing t o  neutron flow f luc tua -  
t i o n s  and increasing burn out must be compensated by an e l e c t r i c a l  a u x i l i a r y  
heater  so  t h a t  cathode's temperature is regulated constant with respect  t o  
time. 

2.3.2.2 Construct ion of the High Output Radiation.Capsule 

In  order  t o  ca r ry  out t h e  t a s k s  named, an experimental i n s e r t  is l a id  
out and calculated which can be in se r t ed  i n t o  the  Federal Republic's number 
2 isotope canal. Its construct ion i n  p r i n c i p l e  can be Seen i n  Figure 2.8. 

The experimental i n s e r t  contains two emit ters  and two f i s s i o n  gas con- 
t a i n e r s  one over t h e  other .  I t  is f i l l e d  with helium and welded shut .  On 
t h e  upper side it t a p e r s  t o  a support which f i ts  i n t o  a carrier pipe i n  t h e  
immersion tube of t he  FR 2. 

- 

heat  r a d i a t i o n  and conduction t o  a niobium pipe arranged concentr ical ly  
around the' emi t t e r .  
is f i l l e d  with i n e r t  helium (30 mm Hg pressure).  

'comes t o  0.6 t o  0.8 mm; i t s  exact value is determined i n  heat-technical f r e e  
tests .  
20%. 

The amount of heat  produced i n  t h e  emit ter  is given o f f  through r a d i a l  

The aperture between emitter surface and niobium pipe 
The width of t h e  aperture  

The proportion of heat r ad ia t ion  i n  the  e n t i r e  output comes t o  ollly 
". 
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Ftgure 2.3. Coated Part ic les  i n  the Condition Delivered: Diameter 
. of the U02 = 150/p, Coating Thickness !Vu, Enlarged 200 Times. 
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Figure 2.4. Coated Par t ic les  as i n  Figure 2 .3 ,  However Shown Af ter  
75 Hours Heating a t  2,000°K, Enlarged 200 Times. 
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Figure 2.5. Coated Particles in the Condition in Which Thev Are 
Del ivered,'Diameter of the UO. = 70-120;/11, Coating Thickness 2-3/11, 
Enlarged 500 Times. 2 
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Figure 2.6. Coated Particles as in Figure 2.3, However After 239 
Hours Heating at 2,000°K, Enlarged 100 Times, 

. -  
~ - - . -  - . -  

.- 
29 

, 

i 



I 

Figure 2.7. Coated Pa r t i c l e s  as i n  Figure 2.5, However After 239 
- Hours Heating Time a t  2,00O0K, Enlarged 200 Times. ~ -- - _-___ 1 

! 
i 

i 

' /38 The cathode hangs i n  the  niobium tube on the  cathode-anode bridge pro- - 
vided i n  the  convertor ce l l  conceived. 
a x i s  i n  order t o  pick up various lieat extensions and centers over a second 
bridge t o  t h e  ni-bium tube. The temperature of the niobium tube l i e s  between 
45OoC and 750°C accordjag t o  t h e  power of t h e  aux i l i a ry  heater  which is  wound 
e l e c t r i c a l l y  around t h e  tube with which &e surface-temperature of the.emit ter  
of 1,78OoC is kept constant with f luc tua t ions  of flow. 

I t s  lower end moves f r e e l y  a t  t h e  

- 
I 

i 
The fi lament winding is surrounded by a s t e e l  pipe.' Intermediate spaces 

between s t e e l  pipe, niobium tube and heating conductor are f i l l e d  up'with 
copper t o  make a good heat-conductiqg t r ans i t i on .  S t e e l  r i b s  r ad ia t ing  around 
t h e  outs ide are fastened on t h e  outs ide of the  s t e e l  pipe in t h e  axial d i r ec - .  
t i o n  and l i e  on t h e  inner wall of another steel  pipe. 
measured i n  such a way t h a t  t h e  temperature of t h e  niobium pipe makes possible  
a s a t i s f a c t o r y  regulat ing width of t h e  e lec t r ica l .  heater .  

The outer  steel  pipe forms the  housing of the  experimental insert. 
Between t h e  l a t t e r  and t h e  inside of t he  immersion tube i n  the  FR 2 t he re  is 
an aperture  of 2 . 5  mm widths through which 020 flows f o r  cooling t h e  experi- 
mente1 i n s e r t .  
of spheres which press  on t h e  outs ide by spr ings,  

, 

Its  thickness i s  

I 

1 

The experimental insert is led i n t o  t h e  it~~mersion tube by Teans 

- - _. - ~ - - 
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Ten c lose ly  welded or soldered sleeve 
experiinental i n s e r t  alonR with two coaxial 

/3s 
_L_ 

thermocouples r i s e  up from the  
l i n e s  of t he  neutron flow accept r r  

a n i ,  forir connections for- the e l e c t r i c a l  heater .  i I 

The calculated r a d i a l  temperature behavior i n  t h e  experimental i n s e r t  - /39 
I I 

is represented i n  Figure 2.9. 

2.3.2.3 Instrumentation i 

The emi t te r  temperature i s  measured with each of two thermocouples \We 
S%--lVRe 26%. 
s t e e l  pipe are measured with th ree  thermocouples made of N i C r - N i  placed around 
120" and t h e  neutron flow is  measured with 8 flow de tec to r  which gives  o f f  a 
d i r e c t  cur ren t  proportional t o  the  flow. 
with dot  p r i n t e r s  during thesen t i r e  time of r ad ia t ion .  

A t  t h e  same height as the  emi t te rs ,  t h e  temperatures of t h e  

These measuring da ta  a r e  reg is te red  

During the  first faw days of r ad ia t ion ,  a co r re l a t ion  must be found 
between t h e  emit ter  output (or neutron flow), e l e c t r i c a l  output and tempera- 
t u r e  of t h e  steel pipe a t  constant emitter temperature. 
permit t he  emit ter  temperature t o  be held constant even with a breakdown of 
both high temperature thermocouples. Therefore, s u i t a b l e  measuring in s t ru -  
ments a r e  provided'fo- t h e  measurement of t h e  electrical heat  output. 

This  co r re l a t ion  must 

-2.3.2.4 Regulating t h e  €mi t t e r  Temperzture 1 

I 

- The emi t te r  temperature can devia te  a t  t h e  beginning o f  t h e  r a d i a t i o n  
experiment from its calculated value. Reasons f o r  t h i s  a r e  t h e  uncer ta in ty  
of t h e  neutron-physical layout (C30%), devia t ions  i n  t h e  degree of r ichness  
of t he  f u e l ,  measuring e r r o r s  i n  the  determination of  flow in t h e  IK pos i t ions  
and to le rances  i n  i n s t a l l a t i o n .  Compensation f o r  t hese  e r r o r s  as well as t h e  
increase of t h e  neutron flow (about 10%) required with increasing burn out 
takes  place by r e s e t t i n g  t h e  experimental i n s e r t  t o  o ther  isotope-canal posi- 
t i o n s  by making use of t h e  r a d i a l  flow gradients .  

I 
After compensation of t he  large temperature devia t ions  at the  beginning 

of t he  r ad ia t ion  time, small changes of emit ter  temperature are compensated 
by t he  electrical aux i l i a ry  hea ter .  1 

! 
. With a ra ted  heat production of t he  emi t te r  of 3,140 watts, t h e  hea te r  - /40 
is operated a t  ha l f  maximum hea ter  output. 
3,770 watts per  emi t te r  sec t ion .  From t h i s  and from the  temperatures of t h e  
niobium tube, t he re  is  a regulat ing range of +13%, i . e .  with f luc tua t ions  of 
t h e  emit ter  output between 213% the  emitter ternyeratwe remains constant. 
With the  measuring value of one pf t h e  two tungsten-rheniumthermocouples, t h e r e  
is an approach t o  c?n e l ec t ron ic  regula t ion  which changes t h e  time average 
value of the  heat ing po ten t i a l  over a phase sec t ion  through t h y r i s t o r s ,  

The maximum hea ter  output comes t o  

A 
maximum heat ing po ten t i a l  comes t o  220Veff. i 

8 .  

I 
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V!ith t he  breakdown of one of t he  two IVRe' thermocouples, t he  element 
still  functioning i s  connected t o  the  regula tor .  
WRe thermocouples, t h e  r egu la to r '  is cont ro l led  by one of t h e  t h r e e  N i C r - N i  
elements i n  t h e  s t e e l  pipe o r  operated by hand. 

With t he  breakdown of both 

f 

: 2.3.3 Heat-Technical Experiments 

The layout da ta  for t h e  high-output r ad ia t ion  capsules  must be  t e s t e d  
before  us ing  :-- the  r eac to r .  
capsule  whit?\ %iins t h e  emi t te rs  and which i s  shown i n  Figure 2.8 is b u i l t  
and operaeed 111 a t e s t  band, where the  power producing emi t te rs  are t e s t ed  as 
a r e s i s t e n c e  heated niobium tube of t he  same temperature and heat-surface 
loading. 

For t h i s  purpose, t he  p a r t  of t h e  r ad ia t ion  

Goal of t h e  heat- technical  experiments a r e  t h e  exact determination of t h e  
s i z e  of t h e  he l iup - f i l l ed  aper ture  between t h e  cathode sur face  and the  nio- 
bium tube,  assur ing t h e  funct ional  c.apability of t h e  experimental i n s e r t  by 
maintaining t h e  upper temperature limits, t e s t i n g  of t h e  temperature regula- 
t i o n ,  t e s t i n g  of  t h e  technologicai production methods of components of t h e  
experimental i n s e r t  and t h e  temperature measurement a t  re ference  po in t s  i n  
case of breakdown of t h e  high temperature thermocouples i n  t h e  r eac to r .  

2.3.3.1 T e s t  Stand I 

The test stand for t h e  heat- technical  t e s t i n g  of the r a d i a t i o n  capsule 
c a n  be seen i n  Figures  2.10 and 2.11. 
heated niobium tube, t h e  pump stand, t h e  vacuum r e c i p i e n t s  which contain the  
r a d i a t i o n  capsule balance network, t he  helium supply and t h e  helium after 
cleaning stretch can be seen. 

The high power supply of t h e  r e s i s t ance  

In order  t o  avoid oxidat ion of t h e  odd p a r t s ,  t h e  vacuum rec ip i en t  and 
later t h e  r a d i a t i o n  capsule  are evaculated t o  a high vacuum and then f i l l e d  
with helium at  about 30 mm Hg pressure.  
hand through an a f t e r  cleaning s t r e t c h  i n  which it drops o f f  impur i t ies  of 
oxygen, steam and carbohydrates t o  2 molecular s ieve  a t  t h e  temperature of 
- l iqu id  nitrogen. 
about 1 ppm, and t h a t  of t h e  f l a s k  helium about 7 t o  8 ppm. 

-and t h e  balance petwork of t h e  r ad ia t io i i capsu le  as it is t o  be mounted i n  t h e  
. experimental arrangement. The *res i s tance  heated niobium tube (6) ,  whose lower 
tapered end of 60 mm length simulates t h e  emitter, hangs i n  a water-cooled 
vacuum container  (l), through whose window (2) its temperature is determined 
by pyrometer a t  t h e  water-cooled flow i n l e t s  (3), pole  choose (4) and contact 
jaws (5). The r ad ia t ion  capsule--water-cooled sleeve (8) and e l e c t r i c a l  aux- 
i l i a r y  hea te r  (9)--is s e t  up through the  c e n t r a l i z e r s  (7) and (10) on t h e  
heat-ing pipe,  is  fastened t o  a support l eg  (12) through a sprung r ece ive r  (11) 
and provided with thermocoupleand water contac ts  (13, 14).  Helium i n l e t  and 

-vacuum connector a r e  found a t  (15) and (16) . 

The f l a s k  helium has t o  be led before- 
- 

The concentration of steam of t h e  pu r i f i ed  helium comes t o  
I 

F igure 2.12 shows a c ross  sec t ion  through the  experimental arrangement 

- -. - ---- - __-- _ _ _  - - _ ._  . -  
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Output Radiation Capsule. 
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/4 1 - 2.3.3.2 Measurements 

After  t h e  balanced network of t he  rgdiat ion-capsule  is f inished,  tempera- 

A t  first, t h e  r e s i s t ance  heated niobium 
t u r e  measurements are ca r r i ed  out which s h w l d  ve r i fy  t h e  temperature p r o f i l e  
calculated and shown i n  Fic,.;re 2.9. 
tube (6 i n  Figure 2.12) is put i n t o  operation and t h e  temperature behavior 
is determined along the  a x i s  of t h e  tube i n  a vacuum and a t  a helium pressure 
of 50 mm Hg by means of a pyrometer. 
Figure 2.13. 
experimental i n s e r t ,  t he re fo re  when cooling over a helium aperture  about 
0 .5  mm th i ck ,  t h e  temperature curve w i l l  corxinue t o  be smoothed out.  

The mensurements are represented i n  
In operating :he heating pipe i n . t h e  balance network of t h e  

- /4 2 

After conclusion of t h e  temperature measurements of t h e  heat-conducting 
components, t h e  construct ion of t h e  fi:.>c experimental i n s e r t  is  begun. 

2.3.4 Neutron-Phys ica 1 Ca 1 c u l a t  ions 

The flow thickness of  thermal neutrons i n  the FR 2 isotope canal a t  
Knrlqriihe naz r n l c i i l n t ~ d  R F  i F  npreqc.r?rv f n r  rnrrvino niit the rndintinn pynpr- ---r -- -_------_-- ..-- ---------- -- -- ..--.,--.--, --- ---- ,---e --- -..- --------I- 
iments i n  t h e  above described experimental i n s e r t  and with t h e  required output 

- d e n s i t y  i n  t h e  fue l .  

A Fael enrichment of 93% U-235 i n  t h e  uranium is  provided f o r  t h e  cathode 
used i n  t h e  thermionic r eac to r .  
e s s e n t i a l l y  easier determinations of s a f e t y , f o r  less enriched f u e l ,  only fue l  

I n  order t o  reduce c o s t s  and because of t h e  

achieve t h e  same heat  release, a correspondingly higher neutron flow i n  the  
experimental r eac to r  must be present.  
- 

I 

The thermal neutron flow i n  the i n t e r i o r  of a D20-filled FR 2 isotope 

canal, t hus  the undisturbed flow, is well: known. 
t i o n  i n  t h e  environment of t h e  canal i s  changed by bringing i n  so strong an 
absorber as t h e  experimental i n s e r t  with t h e  thermionic f u e l  cathode. With 
-the he lp  of the d i f fus ion  theory, first t h e  flow curve i n  t h i s  outs ide range 
is calculated.  The latter is  represented along with t h e  undisturbed flow i n  
Figure 7.7. 
reduction calculat ions.  ! 

The neutron flow d i s t r i h u -  

The flow a t  r = 8 cm was used as a l imi t ing  value f o r  t h e  flow 
I 

. The ca l cu la t ion  which was ca r r i ed  out according t o  t h e  c o l l i s i o n  proba- 
b i l i t y  method (Amouyal-Benoist-Mueller) (Figure 2.15) .shows :he flow curve i n  
t h e  eiperimental  i n s e r t  according t o  t h i s  method (curve 3) along with t h e  . 
flow curve according t o  t h e  d i f f u s i o n  theory from Figur: 2.14 (curve 2 ) .  

1 

/43 
-. 

An average thermal flow i n  f u e l  of 0 ,  = 1 . 8 0 1 0 ~ ~  cm‘2 e -  is required L_ 

2 for a thermal output of 3,140 \V per cathode corresponding t o  100\V/cm cathode 
surface.  I n  consideration of t h e  calculated flew reduction the re  is t h e  pos- 
s i b i l i t y  of = 7.0*1013 cm-* s-l for t he  se l ec t ion  of a r a d i a t i o n  canal i n  
t h e  D20-filled canal. i 

. I  _ I  ? 
_ _ _ I  
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Figure 2.!3. Measured Temperature Curve a t  the Surface of the 
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F i  gure 2.14. Flow Curve i n  Undisturbed Isotope Canal (1) and i n  the 
Environment o f  the Expzrimental Use (2) According t o  the Di f fus ion 

....... - .. . . . . . . . . . . . . . . .  

Figure 2.15. Flow Curve i n  
the Experimental Use Accord- 
ing to the Di f fus ion Theory 
(2) and Ascor'ding t o  the 
Transport Theory ( 3 ) .  

. 

I .  
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In order t o  avoid flow bel lying,  absorbers 25 F P ~  i n  length and of t he  
macroscopic e f f e c t i v e  cross sect ion as the  fue l  zone are attached t o  the  ends 
of the. cathodes. 

2.3.5 Product ion Exper i mants 

- /43 

The dimensions of t h e  experimental i n s e r t  and i t s  upper connecting piece 
were discussed i n  connection with t h e  Department f o r  React.or 0perat.ion o f  t he  
Society fo r  Nuclear Research a t  Karlsruhe, where work on r eac to r  i n s e r t s  

,(immersion tube, screen plugs) i n  which the  experimental i n s e r t s  are t o  be 
housed during r ad ia t ion  is t o  be ca r r i ed  ou t .  

We began with production experiments for making t h e  e l e c t r i c a l l y  heated 
cooling and heating body ( i n  Figure 7.1 designated with hanging heating pipe-- 
pipe j acke t ) ,  where f i l l i n g  up the  i n t e r v a l s  between the heating conductors 
with copper with inductive heating and i n  t h e  r ad ia t ion  furnace was t e s t ed .  

Along with t h e  cooling of t h e  emit ter  containing fuel  i n  t h e  experimental 

It c o n s i s t s  i n  leading off t h e  heat  output over metal cooling sheets  
i n s e r t  along. t he  helium f i l l e d  aperture , .  another cooling method was inves t i -  
gated. 
by heat conduction and heat  r ad ia t ion .  The cooling p l a t e s  cons i s t  of niobium 
and a r e  welded along t h e  s leeve l i n e s  with t h e  electron r a d i a t i o n  on the 
cathode. Figure 2.16 shows a c ross  sec t ion  through a cathode with 20 welded 
cooling p l a t e s .  
emitter s i d e  t h a t  they do not prevent changes i n  shape of t h e  cathode i n  t h e  
r eac to r  (expansion). 
pipe. Between cathode and pipe the re  i s  a vacuum whL:h under c e r t a i n  condi- 
t i o n s  can be of advantage with respect  t o  a helium f i l l i n g .  

/44 
The p l a t e s  become so hot a t  operating temperature on the 

The p l a t e s  on t h e  outs ide a r e  5oldered i n  a s l o t t e d  

> j  

3. 

3.1 

Investigations f o r  Producing W-Emitter Layers 

Production o f  W Layers by Pyrolysis of  W(CO)6 

, : 3.1.1 Sta t -xen t  .of t h e  Problem 

It  has been s t a t e d  a number of times i n  technical  liter'ature [lti-18] t h a t  
t h e  method of vapor p l a t ing  i s  t h e  bes t  s c i t e d  fo r  t h e  production of tungsten 
layerb. There are fundamentally two d i f f e r e n t  methods t o  choose from: 

- .  > ?  

The reduction of tungsten halogenlzed with hydrogen permits achieving a 
high layering ra te  [19]. Serious disadvantages of t h i s  method are, 1) the  
columnar s t r u c t u r e  caused by t h e  high layering ra te  and, 2) t h e  hydrogen- 
halogen compounds which are formed a t  high temperature and which react very 
strongly.  
simultaneously i f  tungsten l aye r s  of high p u r i t y  a r e  desired.  

By using hydrogen, a l l  t he  problems of gas pu r i f i ca t ion  occur 
* 
I 
I 

145 - 

A l l  t hese  disadvantages are aborted by t h e  tungsten hexacarbonyl method. 
Sofar, only a small t o  average laycring rate could be achieved. 
t h e  method have already been reported by t h e  aut'ior, [SI. 

Details of 
! 

- _. - - . _  .- , - -  . _._. - - .  - .-*. 
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Figure 2.16. Cathode w i t h  Cooling Sheets of  Niobium (Cross Section) 

(Enlargement 2.5 Times) - -  -_--.-.I 

.. . . *. 
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Figure 2.17.. Niobium Cool ing 
Sheet Welded t o  Cathode 
Enlarged 100 Times. 
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There i s  a l s o  the attempt t o  c rea te  tungs'ten layers  of a c e r t a i n  s t ruc-  
t u r e  f o r  reasons of iaechanical toughness and propert ies  o f  thermionic emission 
and d i f fus ion  behavior, Thersfore, a combination o f  plasma spraying and 

I 
I vapor p l a t i n g  i s  suggested hy t n e  author [SI. 

Accordingly, two prc;tlc.ms ire t o  be solved i n  order t o  improve t h e  vapor 
p l a t i n g  method: 1; increasing t h e  r a t e  of layer; 2) control l ing t h e  fayer 
s t r u c t u r e  during la:;crin, 
i n  t h e  following and t he  rest  ~ t s  a r c  discussed. 

'Thn experiments necessary t o  do t h i s  are described 

3.1.2 The Layering Rate 

Two differerL1: methods for  coating t h e  sample surface with tungsten 
hexacarbonyl were applied f o r  i nves t iga t ing  t h e  f a c t o r s  influencing t h c  iayer- 
ing r a t e :  

I I 

1) Ind i r ec t  Coating. The tungsten hexacarbonyl is located i n  r, tank 
o f  s u i t a b l e  c ros s  sect ion i n  the  layering container .  
t i o n  is  sized corresponding t o  the  output of t h e  pump so t h a t  t he  pressure i n  
t h e  container can Fe dropped,.about two orders  of  magnitude below t h e  vppor 
pressure of t h e  tungsten hexacarbonyl a t  room temperature 
t h e  pump from t h e  container,  t h e  pressure gradually increases  and t h e  con- 
tainer is  slowly f i l l e d  with tungsten hexacarbonyl gas. 

The i n i t i a l  CTOSS sec- 
~ 

Aftc-: separat ing 

A l l  t he  tungsten. 
.hexacarbonyl molecules which owi:ig t o  thermal movement come i n t o  contact with 

-more, a r e  s p l i t  py ro ly t i ca l ly ,  ' 
the hot  surface of t h e  sample, which has a temperature of  over 1,200°C o r  _ _  

1 
I; 

I 

i 

2) Direct: C ~ a t i n g .  The tungsten hexacarbonyl is iocated i n  a tank of 
l a r g e  i n i t i a l  c ros s  sect ion.  
t h i s  case l a rge  enough so t h p t  t h e  amouqt of tungsten hexacarbonyl flowing 

pressure.  

The opening of t h e  carbonyl r e se rvo i r  is i n  

out  approximately corresponds t o  t h e  output of t h5  pump under working 

i 
Simultaneously, care i s  taken so t h a t  t h e  sample t o  be coated hsngs . ' 

i d i r e c t l y  i n  t h e  e x i t i n g  streams of tungsten hexacarbonyl gas. 
- e s s e n t i a l l y  more tungsten hexacarbonyl molecules touch t h e  surface than i n  
,-process 1). 

3.1.2.1 The Effect of the Base 

In so doing, 

1 
I 
: 147 I -  , 

During the.course of t h e  experiinents it has been shovn t h a t  t h e  basc has 
an important influence on t h e  rate of layering. 
s t rong when layering using methad 1 9 ,  
as a function of t h e  layering time. 
begun on a polished molybdenum surface,  t he  thickness of the  l aye r  ircreases 
rapidly and then slows down. Conversely, i f  one begins with a molybdenum 
suface which has first been plasma-sprayed with tungsten, '3 t3~1 t h e  growtn ra te  
is  at first slower, remains then f o r  constant f o r  a f a i r l y  long time and then 
f i n a l l y  exceeds the  ra te  which can be expected from a polished surface.  

The e f f e c t  is p a r t i c u l a r l y  
Figure 3 . :  shows t b e  I i j e r  thickness 

I t  is recognized ?.hat i f  Layering i s  ' 

I 
--I- - --- - -  . -  r -- - _ _ -  - - - -  _. - 
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3.1.2.2 The Effect of the S u p p l y  of Tungsten Hexacarbonyl 

/47 - Figure 3.2 compares t h e  thickness of t h e  layer as a function of time i n  
methods 1) and 2) .  
noticeable.  
1) with about 140/p thickness,  a c l e a r i n c r e a s e i n . t h e  layering ra te  i s  t o  be 
observed. 
growth i n  thickness can be noted. 

The e s s e n t i a l l y  faster layering r a t e  i n  process 2) i s  
Both cases began with a polished molybdenum surface.  In  ;wocess 

Conversely, with process 2) even a t  200/p, an almost constant 

3.1.2.3 The Effect of Temperature 

In t h e  temperature range of 1,200°C-1,500°C, no dependence of t h e  layer- 
ing rate on t h e  temperature could be c l e a r l y  observed'in our experiments. 

3.1.3 The Formation of t h e  I n n e r  Structure  

I t  can be seen immediately t h a t  the methods of layering described i n  t h e  
preceding 
layei  s t ruc tu re .  
g ra in  s i z e  were measurea as a c h a r a c t e r i s t i c  magnitude of t h e  tungsten layer  
s t ruc tu re .  I 

sect ion have a considerable effect on t h e  formation of  t h e  inner  
The surface o r i en ta t ion  i n  t h e  goniometer method and t h e  

>c_ 

- 3.1.3.1 The  Eifect of t h e  Molybdenum Base- /48 

In  a case of t h e  ind i r ec t  spraying of  t h e  molybdenva surface with tung- 
s t e n  hexacarbonyl and the  small growth rate connected with it, t h e  tungsten 
grows e p i t a c t i c a l l y  on t h e  molybdenum surface, i.e. t h e  tungsten c r y s t a l s  
t ake  over t h e  c r y s t a l  s t r u c t u r e  of t h e  molybdenum base. 

The i n t e n s i t i e s  of  t h e  (loo),  (200) and (211) tungsten c r y s t a l l i t e s  - 
oriented with p a r a l l e l  faces t o  t h e  surface were measured on an approximately 
40/u molybdenum sample layered with tungsten (Table 3.1). 
same d i s t r i b u t i o n  of i n t e n s i t y  is found fo r  t h e  corresponding l i n e s  a t  t h e  
surface of t he  tungsten and--after its a t t r i t i o n - - i n  pure molybdenum. 
comparing the i n t e n s i t y  vit l t  ASTM normal values, conclusions can be drawn as 
t o  t h e  d i s t r i b u t i o n  of frequency. 
t h e  tungsten t h e r e  is about t h e  same frequency of o r i en ta t ion  f o r  t h e  indivi-  
dual o r i en ta t ions .  

i 

Approximately t h e  

By 

That means t h a t  i n  t h e  molybdenum and i n  

.For a more exact check of  t h e  ex i s t ing  stace of affa'irs, t h e  o r i m t a t i o n  
freqUeTiCy was mBasured for two molybcienum sanipies after dif i -went  heat ing 
periods a t  t h e  temperature of layering. Then both samples were layered from 
measuring t o  measuring with about 1 O / u  of tungsten each. 
s i t ies are l i s t e d  i n  Figure 3.3. I t  is  recognized even here  tL.t a&a&t a l l  
t h e  measured o r i en ta t ions  of t h e  molybdenum were then taken over with t h e  
same frequency by the  tungsten. Proceeding f u r t h e r  it i s  even found t h a t  t h e  
change, which was d i f f e r e n t  from sample t o  sample, of t h e  surface o r i en ta t ion  
frequency of t h e  niolybdmm can be observed during t h e  hec-ting and a l s o  during 
Lhe la ter  layzr  growth D f  t h e  tungsten. 

The rnrjtimred inten- 
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The same s t a t e  of a f f a i r s  is a l s o  noted with respect  t o  t h e  polished 
sect ions.  
s t e n  when t h e  layering i s  s u f f i c i e n t l y  slow. 

The g ra in  boundaries of t he  molybdenum are taken over by t h e  tung- 

The g ra in  s ize  d i s t r i b u t i o n  i n  t h e  molybdenum and i n  t h e  tungsten f o r  - /49 
various dis tances  from t h e  l imit ing l i n e  -,re shown i n  Figure 3.4. 
d i s t r i b u t i o n s  a r e  found i n  molybdenum and tungsten i n  t h e  immediate proximity 
of t h e  l imi t ing  l i n e .  
changed u n t i l  t h e  dis tance from t h e  l inii t jng l i n e  increases.  The r e s u l t  i s  
even c l e a r e r  when the  average grain diameters a r e  recorded as a function of 
t h e  d i s t ance  from t h e  l imit ing l i n e  (Figure 3.5). 

The same 

The g ra in  size d i s t r i b u t i o n  i n  t h e  tungsten is  not 

The epi taxy can be e spec ia l ly  weil demonstrated when we s ta r t  with molyb- 
denum samples which have previously been stimulated f o r  r e c r y s t a l l i z a t i o n .  
In  t h i s  way we succeed i n  c rea t ing  t u n g s t ~ n  c r y s t a l l i t e s  of considerable size.  

3.1.3.2 The Effect of  t h e  Supply of Tungsten Hexacarbonyl 

A l l  t h e . e f f e c t s  i n  sec t ion  3.1.3.1 can only be observed when t h e  layering 
rate does not exceed a c e r t a i n  l imi t ing  value. In the  case of higher layering 
rates ( d i r e c t  spraying) t h e  s t r ic t  epitaxy of t h e  t m g s t e n  l aye r  is l o s t .  
Simultaneously t h e  ' s t ructure  of t h e  tungsten l aye r s  becomes more f i n e  grained. 

3.1.3.3 The Effect of Temperature 

If t h e  layering is s u f f i c i e n t l y  slow, no effect of t h e  layering tempera- 
If t h e  growth (d i r ec t  spraying) t u r e  on t h e  g ra in  s t r u c t u r e  can be detected.  

of t h e  tungsten layer  is rapid,  completely d i f f e r e n t  conditions will be found. 

The g r a i n  s i z e  d i s t r i b u t i o n  i n  t h e  lower and i n  t h e  upper l aye r  range 

I t  is recognized Smmediately t h a t  t he  d i s t r i b u t i o n  average 
of tungsten coat ings which were created with a fast layering ra te  are shohtn 
i n  Figure 3.5. 
values are s h i f t e d  t o  higher' g ra in  dianieters with increasing layer ing tempera- 
ture. For purposes of comparjson t h e  g ra in  size d i s t r i b u t i o n  0-f an e p i t a t i c a l  
tungsten l aye r  has a l s o  been recorded. 
over the.layering temperature once again i n  Figure 3.6 t o  make t h i s  clear. 

, ~ 

The average g ra in  diameters are given 

In  summary it can be sa id  t h a t  t h e  grain s t r u c t u r e  depends g r e a t l y  on t h e  - /SO 
layering temperature when t h e  layering rate is rapid.  

3.1.3.4 The Preferred Orientation of t h e  Depositpd Tungsten Layers 

I t  is noted i n  invest igat ions of t h e  frequency of o r i en ta t ion  t o  prove 
t h e  epitaxy of t he  tungsten layers  t h a t  t he  (100) o r i en ta t ion  provides a ten- 
fold g rea t e r  contr ibut ion t o  the measwement or' t h e  i n t e r f e r e x e  !ine comparcd 
t o  &he ASTM value i n  the  l aye r s  a t  hand. Simultaneously, it is foind t h a t  as 
t h e  thickness of t h e  layer increases  t h e  preferred o r i en ta t ion  is  ;nore and 
more pronounced, 
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The etchir,g p i t  method’ was applied t o  invcst igate  the  preferred or icnta-  
t i o n  and t o  detcrmine the  surface proportion of t he  (100) c r y s t a l l i t e  or ien ted  
with p a r a l l e l  faces  t o  t h e  surface.  
proportion is compiled i n  Table 3 . 2 .  
measurement. 

A numerical evaluation of t h c  surface 
Th6 r e s u l t  agrees well with the x-ray 

3.1.4 The Physical Process of Layering 

3.1.4.1 Model of Crystal Growth 

If a tungsten hexacarbonyl molecule s t r i k e s  t h e  hot metal surface then 
The carbon monoxide which is  hereby released is  it is s p l i t  py ro ly t i ca l ly .  

v o l a t i l e  while t h e  tungsten atom reiliains on the surface t o  be layercd. 
ever,  it possesses two other degrees of freedom of movement. To be b u i l t  i n t o  
the  c r y s t a l  group, che tungsten aton! must be accumulated i n  such a way t h a t  
t he  gain i n  energy is  g rea t  enough so t h a t  the p o s s i b i l i t y  of renei\red movement 
owing t o  thermal ac t iva t ion  of t h e  now b u i l t  i n  tungsten atom is s l i g h t .  This 
can occur i n  p r i n c i p l e  i n  two ways: 

How- 

a )  The tungsten atom is  b u i l t  i n  a t  ava i l ab le  growth points  o f  t he  sur- 
fac,e of the metal. 

B) The tungston atom loses  mobili ty by combining with a secor.? par tner .  
Simultaneously, t h e  longevity of such a doublet configuration deterinined by 
t h e  bonding”energy is  so l a rge  t h a t  with s u f f i c i e n t  p robab i l i t y  a t h i r d  p a r t -  
ner j o b s  i n  and so fo r th .  
which then effect t h e  process (a) accordingly. 

In  t h i s  way, new growth seeds a r e  then formed 

The decis ion as t o  whether (a) o r  .(B) is  a c t i v e  depends upon the  time 
during which a tungsten aton is f r e e  t o  move on t h e  surface and on the amount 
of new tungsten atoms joining i n  per a u n i t  time by means of pyr‘blysis of tung- 
s t e n  hexacarbonyl . 
3.1.4.2 Effect of t h e  Experimental Parameters on t h e  Layer Structure  

In t h e  case of i n d i r e c t  spraying, t h e  numbe? of t h e  tungsten hexacarbnnyl 
atoms which are pyrolyzed per a u n i t  time a t  t h e  surface is  r e l a t i v e l y  small 
and t h e  movement of t he  tungsten atoms a t  1,20OoC is  qu i t e  high. 
case, only (a) is active. In t h i s  way, t h e  ava i l ab le  surface s t r u c t u r e s  con- 
t i nue  t o  be formed i n  t h i s  strict manner;and a l s o  t h e  epilxtxy occurring is  
“understood . 

In  t h i s  

In t h e  case of d i r e c t  spraying and a temperature of about 12OO0C, t he  
supply of tungsten i n  t h e  layering is so high t h a t  (6) exclusively i s  ac t ive .  
I f  t h e  numbers of growth seeds i s  formed according t o  (A) corresponding t o  
the  supply o f  tungsten, then continued growth can pi-oceed i n  accordance with 
(a). 
the case of d i r e c t  spraying t h e  layering temperature i s  increased, the  mobil- 
i t y  of t h e  tvngsten atoins is  higher.  The equilib.  iuni concentration o f  growth 
po in t s  created i n  accordance with ( B ) ,  however., c i ~ ~ e a s e s  and t h e  average 

This explains inmediately the  observed spiky c r y s t a l l i t e s .  If  now i n  
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gra in  diameter of t h e  tungsten c r y s t a l l i t e s  increases as observed (Figure 
3.5). 

layering temperature is so high t h a t  (a) alone i s  a c t i v e  a t  t h e  beginning of 
layering. The (100) preferred o r i en ta t ion  forming with increasing thickness 
of t h e  layer  can be explained i n  t h e  sense of t h e  proposed model by t h e  f a c t  
t h a t  those cryst: l i t e s  with the  g rea t e s t  probabi l i ty  of inclusion i n  t h e  
s t r u c t u r e  a l s o  c-\ntinue t o  be formed t h e  f a s t e s t .  

Epitaxy as  a consequence can a l s o  be achieved a t  higher layering r a t e s  
I i n  case only t h e  surface mobili ty of  the, tungsten atoms depending on the  

The problem of control l ing t h e  layer st .ructure can as a consequence be 
solved by following a temperature program during the  laycring which corre- 
sponds to one of t h e  desired s t ruc tu res .  

3.2 The Properties of T u n g s t e n  Layers Produced i n  t h e  Vapor Plating Process 

3.2.1 Porosity 

The e l ec t ron  emitt ing surface should be free of pores. According t o  our 
experimental r e s u l t s ,  t he  porosi ty  of t he  created l aye r s  is c l o s e l y  connected 
with t h e  q u a l i t y  of t he  i n i t i a l  surface.  
face, then t h e  l aye r s  a r e  l ikewise free of pores as has been shown by de ta i l ed  
measurements of  density.  
volume of pores w i l l  be l a rge ly  closed. 
is likewise almost closed. 

face, then completely d i f f e r e n t  circumstances obtain. 
t u r e  of l,?OO°C, t h e  U 0 2  accumulated i n  the  surface already evaporates. 

taneously, therinal stresses occur ir' t he  surface.caused by t h e  d i f f e r e n t  
coe f f i c i en t s  of expansion of U02 and Ma, and whose r e l axa t ion  is not excluded. 
That has as a consequence t h a t  t h e  tungsten coating tgars up noticeably and 
t h e  UO evaporates during layering. This can be noted from the  of ten changing 
proportions in  t h e  area of t h e  layer  of opeli and closed pores (Figure 3 . 8 ) .  
The t o t a l  concentration of pores remains almost constant.  Microprobe examina- 
t i o n s  have shown t h a t  t h e  evaporating UO p r e c i p i t a t e s  only t o  a small extent  

i n  t h e  cracks of t h e  tungsten l aye r .  

If we proceed from a dense Mo sur- 

If w e  begin with a plasma-sprayed surface,  its 
The covering l aye r  thereby formed 

If, however, we proceed from a UO -Mo cermet sur- 
A t  a layering tempera- 

2 

Simul- 

2 

2 
The res t  evaporates i n  t h e  containers.  

The invest igat ions mentioned ' , technical l i terature [20-211 as t o  u r a n i - '  
um los ses  of t h i n l y  '.ayered cermet 
minations of t h e  authors named, not ,? explained by d s f u s i o n  but  r a t h e r  by 
evaporation. L 

ould accordingly, contrary t o  t h e  deter-  

! 3.2.2 Transposikions, Substructures and Behavior o f  Recrystal l izat ion 

As CJready reported by t h e  author [SI, t h e  g ra in  s t r u c t u r e  of t h e  tung- 
s t ( . I  l aye r s  can be var ied i n  wide ranges--from almost monocrystals t o  extreme- 
l y  f i n e - g r a i w d  layers .  
dual c r y s t a l l i t e s  are largely free from l a t t i c e  de fec t s ,  as t ransposi t ions 

Continued invest igat ions have shown t h a t  t h e  ind iv i -  
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and substructures  a r e .  
Finke [22] was used. 
106/cm2 were determined f o r  a number of. samples. 

To prove t h i s ,  an etching p i t  technique provided by 
Transposit ion thicknesses i n  t h e  order of magnitude of 

Vapor p l a t i n g  l aye r s  are designated as l a rge ly  s t a b l e  against  r ec rys t a l -  
l i z a t i o n  i n  technical  l i t e r a t u r e  [23] Our own inves t iga t ions  have l a rge ly  
confirmed t h i s  f inding f o r  temperatures of 1,600-1,8OO0C and heating times up 
t o  30 hours. Sl ight  r e c r y s t a l l i z a t i o n s  klve been observed only wi th  combined 
plasmas-spray l aye r s  with vapor p l a t ing  covering. 

Even if g ra in  boundaries remain uneffected by heat treatments,  neverthe- 
l e s s  changes i n  t h e  substructure  and t r anspos i t i on  net  have been observed. 
The surface o f  a tungsten layer  can be seen i n  Figure 3.9 enlarged 1,000 
times, i n  which simultaneously etching p i t s  of t r anspos i t i on  etchings can be 
seen before and a f t e r  a t h ree  hour heat  treatment a t  1,600"C. 
immediately t h a t  t h e  t ransposi t ion thickiiess has been sharply reduced. 
surface which has been t r ea t ed  i n  a. similar fashion shows t h e  same complete 
healing of a substructure  i n  Figure 3.10. 
a r i s e n  . a f t e r  hest ing t h e  washed substructure  l i n e  which was etched before  
heat ing . 

s t e n  l aye r s  remains unchanged a t  t h e  working temperature of thermionic con- 
v e r t o r s ,  t h e  t ransposi+ion n e t  and t h e  substructures ,  however, a r e  reduced. 

I t  can be seen 
A 

Only a very few etching p i t s  have 

In summary it can be sa id  t h a t  even i f  t h e  grain s t r u c t u r e  of t h e  tung- 

3 . 2 . 3  Chemical Investigations 

Spectrographic surface inves t iga t ions  
i t i e s  i n  small amounts: 

A l ,  C ,  Ca,.Fe, Mg, 

A quan t i t a t ive  evaliiat ion was not possible  
dards are not avai lable .  

. . . .- .- . .. . . . - . . . 

have revealed t h e  folluwing impur- 

Mo, Sj .  

s ince  tungsten c a l i b r a t i o n  s tan-  

Mo and C a r e  spec i f i c  impuri t ies .  The Mc may have.arr ived a t  t h e  surface 

Noss-chemical invest igat ions havc revealed t h a t  t h s  basic  mater ia l  con- 
bout 200 ppm C .  

~f the sample through d i f fus ion  from t h e  base. 
base,  
tai .  
t h e  b&ic mater ia l  by means of t h e  Boudoard react ion.  
rapid,  t h e  C concentration remains about t h e  same. 

C l ikewise stems from t h e  Mo 

'Ahen t h e  layering is  S ~ O W ,  t h e  C is even removed from 
When t h e  layerfiig is 

3 . 3  Diffusion i n  the Mo W System a t  t he  Operating Temperature'of t h e  Thermi-, 
onic Cor,vertor 

3.3 .1  Statement of the Problem 

Essen t i a l ly  two requirements have t o  be made of t h e  t.ungsten layer .  

.. .. -. .. -- 

.. . 
' 53 
I .. .. 1 * 



. . .. . . 
I 

L' 
a 

i! 
cp '--- a 

54 
. i 

- 
. .  

. .  
. .. - .. ., . . .. .. ._ .,.. , . _._ . . ._ . . .. . ._ , . . . . .. . 

...... 



16 

rs 
U 

13 

D 

11 

10 

9 

8 

7 
.. - 
c - 6  . -  - .  

. -  

Open and Closed Porosit!_ I 
I 
I 

I 
I 

i 

0- 
0- 

0- 
0- 

0- 



. -  
, .. 

- .  _ -  , ._ 

56 . 
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a) The tu,igsten layer must be so thin that it is not too strongly 
influenced by the neutron-physical behavior of. a combustion cathode. 

B) The tungsten layer must be s3 thick that neither uranium from the 
UO nor the Ho from the base arrive in admissible amounts at the surface of 
the cathode at an operating temperature of 2,000°K. 

2 

To fulfill requirement a), the tungsten layer should not be thicker than 
0.2 m!! so far as possible. Pure, cohesive tungsten layers are sufficient 
barriers to diffusion against uranium from U02 [24]. 
which layer thicknesses are necessary in order t o  prevsnt an inadmissible 
entry of Mo up to the surface of the cathode was the subject of the following 
written investigation. 

3.3.2 Experimental 

The question as to 

The tungsten layers were placed 011 MG according to the "vapor plating'' 
described in 3.2.  
plasma spray method. 
parameters are described in detail in section 5.3.  

The ceramic intermediate layers were placed on using the. 
The protective gas box used for this and the'spray 

/54 - 

Heating was carried out in a vacuum at loe5 to mm Hg pressure. The 
samples were partially brought to temperature hanging in an HF conductor with 
an Mo wire, and partly heated in a resistance-heated Ta furnace. 

- ._ - 
The temperatures were measured pyrometrically. The absorption at the 

The spectroemission capability was taken 'from 
glass disks of the container were measured separately and the measured values 
were corrected accordingly. 
appropriate tables. 
to ?3OoC. 

3.3.3 Experimental Results 

A survey of the experiments carried can be seen in Table 3.3.  
sten layer in the experiments 1-5 has grown epitatically on the Mo substratum. 
The tungsten layer thickness was about 50-60/~ in the initial condition. 
With progressive heating time at 1,750°C, the 1ayer.bzcame increasingly thin- 
ner owing to the effects of diffusion as can.be seen from Table 3.3 .  
limiting line Mo-W is shifted clearly in the direction of tungsten. 
hardness mea 
defined so s 
(Figure 3.11). 
by microprobe measurements for a heating period of eight hours. 

The accuracy of the temperature indication should come 
8 
I 

. - 
The tung- 

The 
Micro- 

ents show that the 1imiting.line Mo-l! which was originally 
y has been expanded to a clearly measurable transition range 

. 

The microhardness measurements are augmented and confirmed 

In so doing, the microprobe furnishes a narrower transition range than - /56 
the microhardness measurement. This is understandable wheri it is considered 
that the microhardness in general is an essentially finer indicator than the 
microprobe measurement. 

.. 
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The study of b10-h' di f fus ion  ca r r i ed  o u t  on samples i n  which the epitaxy 
is s t rongly  dis turbed o r  even genera l ly  avoided 'produces completely d i f f e r e n t  
r e s u l t s .  ; 

possesses a completely d i f f e r e n t  s t r u c t u r e  than t h e  molybdenum t;rget (see 
also sec t ion  3.1). 
d i s t o r t e d  and marked by a grain boundary. 
reduct ion of t h e  thickness  of t h e  l aye r  can be seen i n  t h e  polished sec t ion .  
Microprobe measurements show t h a t  t he  tungsten and molybdenum d i f fus ion  is 
sharply reduced compared t o  samples with e p i t a c t i c  t r a n s i t i o n s .  
g ra in  boundary d i f fus ion  of t h e  molybdenum i s  c l e a r l y  t o  be d i s t ing - i shed  i n  
t h e  tungsten. 
maximum of 40/p, and t h e  volume d i f fus ion  15/11. 

Sample number 6 was layered r e l a t i v e l y  quickly so t h a t  t h e  tucgsten 

As a consequence,'the t r a n s i t i o n  1104 is consiuerably 
A f t e r  75 hours at 1,S30°C, no 

A volume and 

A gra in  boundary d i f fus ion  reaches i n t o  t h e  itlaterial a t  a 

Even b e t t e r  r e s u l t s  have been provided by sample number 7. The Yo sur- 
face i n  t h i s  case was covered by a 3.0/;1 t h i c k  and s t rongly  porous A 1  0 

layer .  
f i n a l l y  t h e  whole covering l aye r  was coated with tungsten (Figure 3.12). 
so doing, t h e  remaining metal cana ls  permeating t h e  A 1  0 maintain a satis- 

f ac to ry  conduct ivi ty ,  but  represent  an obs t ruc t ion  for d i f fus ion .  Before and 
after d i f fus ion  hea t ing  at  1,830°C for 75 hours, visually observed and de'ter- 
mined by microhardness, no change of t h e  tungsten layer  thickness  could be 
detected.  Microprobe inves t iga t ions  revealed t h a t  i n  t h e  case  considered no 
volume d i f fus ion  of Wo i n t o  W can be found, however, a s l i g h t  gra in  boundary 
d i f fus ion  is found. 
layer  W-A1203. 

t o  be found i n  t h e  molybdenum. 

2 3  
The remaiging pores were f i l l e d  with tungsten by vapor p l a t i n g  and 

An 
2 3  

In add i t ion ,  traces of Mo can be found in  the boundary 
However, a very s l i g h t  volume d i f fus ion  of tungsten appears 

It can be said - i n  summary t h a t  d i f f u s i c n  in t h e  No-W system at  3 ,S3OoC 
s t rongly  depends upon t h e  formation of t he  Elo-W t r a n s i t i o n .  
t i o n s  permit a massive volume d i f fus ion .  

Ep i t ac t i c  t r a n s i -  

If t h e  t r a n s i t i o n s  are marked by a g ra in  boundary, then t h e  volume d i f f u -  
s ion  is sharply reduced. 

-Samples with dis turbed Mo-W t r a n s i t i o n s  have a s ign i f i can t ly  smaller  penetra- 
t i o n  rate even a t  f a i r l y  long heat ing per iods and higher temperatures than 
those with epitactic border zones. 

3.3.4 

Only t h e  g ra in  boundary d i f fus ion  is then not iceable .  

! 
Determination of t h e  Diffusion Coeff ic ien ts  

The d i f fus ion  p r o f i l e  of the vglume d i f fus ion  C = C(x, t) was measured 
with t h e  microprobe f o r  experiment- 
t h e  d i f fus ion  coe f f i c i en t s  of t he  

e r  3.. Crank [25] determined from t h i s  
system i n  t h e  following way: -_ _. ~ 

I 

(3 .1)  ' 



. .  

Figure 3. 
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x = 0 can be determined from t h e  curve C = C(x) by the  fol low-% /57 0 
ing equation: - 1  1 -  
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i I-.-- ., - -- _. _____ ._- i 

. I  
.-- ~ 

-- _.T. I - - - 

* * .  ~*- , ,dC;O - (3.2) , ' 
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To evaluate  t h i s ,  t h e  value dx/dC can be graphica l ly  determined a f t e r  a 
c e r t a i n  experimental time from the  experimentally determined C = C(x). 
t h e  preselit case the - t angen t s  were detervined with t h e  mirror  s t ra ightedge.  
A l l  necessary in t eg ra t ions  were ca r r i ed  out  numerically with a polar  plani-  
meter. 

In 

- 

ed ifi accordance with t h e  

3.3.5 Solution of  t 
sian Coeffici 

c o e f f i c i e n t s  



one another. 
e n t i a l  equation o i  two media with cosw?ntration-depeiident d i f fus ion  coe f f i -  
c i e n t s  which stand i n  contact i n  t h e  form of two semi-planes extended t o  
i n f i n i t y ,  does not e x i s t .  i 

! 

An exact solut ion of the d i f f e r e n t i a l  equation f o r  t h e  d i f f e r -  

I 

One can attempt i n  t h e  first approximation t o  u t i l i z e  t h e  solut ion f o r  

This approximation gives a very defect ive r e f l e c t i o n  of t h e  acturjl 
t h e  problem with concentration-independent c o e f f i c i e n t s  by usi2g only average 
values.  
curve C = C(x, t ) .  Compared t o  t h e  measured p r o f i l e s ,  the calculated pro- 
f i les are too broad. i 

i 

Fujita-Yamada [ 2 6 ]  gives t h e  approximate so lu t ion  i n  t h e  form of a pcly- 
nomial of the  t h i r d  order with respect t o  l o c a l  coordinates: 

. .  . . . . ... . . . . . .  

- .  - - - -  + . _ _  
~ 1 j .  

= 1  ‘max between: C = 

and : c = o  . 

_Thus for D = D l C )  t h e  7 =ginning is made: 
i . I , ” .-_ - . --__ - .- _ _  _- . ._ 

D = DOF(C) (3 941 
1 

The concentration dependence is introduced through t h e  constants  a and 6: , 
I., . c  

. >  
. /  . .. .. 

. !  

. f3 is determined as a so lu t ion  of- t h e  foilowing quadrat ic  equ.ation 

-The l a rge r  of t he  two r o o t s  should be used i n  this  oase’. ‘ 

This formalism was evaluated €or -the present case D = D(C) i n  accordance 
with Figure 3.13  fo r  Mo i n  W, 
graphically.  

The approximation polynomial is only observed 
and C = 0, Theoret ical ly ,  
while t h e  approximation p o l  
The approximation polynomia nsequence in te  

A l l  necessary in t eg ra t ions  were carr ied-  out 

. -  
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C(x, t )  only within a de f ina t e  range.' The points  C = 1 and C = 0 of t h e  poly- 
nomial should therefore  i n  the present case be interpreted as those places  a t  
which t h e  foreign atom concentration reaches not iceable  values.  The e x i t  

/59 - 

po ten t i a l  .of t he  surfaces can f o r  example be an indicator .  I 
i 

The d i f fus ion  p r o f i l e  widths--in t h e  sense jus t  defined--as they were 
calculated with t h e  determined d i f fus ion  c o e f f i c i e n t s  D = D(C) are given i n  
Table 3 . 4  by 10°-104h f o r  a heating temperature of 1,750'C.. 

I t  is  noticeable t h a t  even here  the  calculbtor  p r o f i l e s  are somewhat 
broader than the  measured ones. There a r e  th ree  reasons f o r  t h i s :  

a )  The present solut ion is an dpproximation solut ion.  
' 6) The microprobe measurement has a detect ion l i m i t  of 1 a t%,  and a s  a 

r e s u l t  only a p a r t  of t he  d i f fus ion  p r o f i l e  i s  detected with it. 

'*d) The experimental conditions are only a rough approximation f o r  the 

I t  must be pointed out a t  t h i s  time, t h a t  these r e s u l t s  are only appl i -  
In order t o  descr ibe t h e  d i f fus ion  

t h e o r e t i c a l  case of two semi-planes extended t o ' i n f i n i t y .  

- 
cable f o r  an e p i t a c t i c  t r a n s i t i o n  Mo-W. 
completely ongmust a l s o  consider t h e  e f f e c t  .of ' t he  border l aye r  which--as our 

account t h e  d i f fus ion  coe f f i c i en t s .  This  may perhaps happen owing t o  a separ- 
a ted permeabili ty c o e f f i c i e n t  of t he  border layer .  This can only be neglected 
i n  t h e  case of e p i t a c t i c  border zones. 

3.3 .6  Conclusion and Alternat ive 

experiments have shown--is of considerable influence besides taking i n t o  - /60 

I I 

' - A s  t h e  above considerat ions.  and measuremenb have shown, e p i t a c t i c  tung- 
sten l aye r s  during t h e  planned u t i l i z a t i o n  time of t h e  thermionic convertors 
of about two years are only impervious t o  molybdenum i f  t h e  layer  thickness i s  
of t he  order of magnitude of centimeters.  Schuster [213 came to similar con- 

' 

clusions.  However, as was mentioned i n i t i a ;  i.y, tungsten layer .-hicknesses of 
only about 0.2 mm are desired f o r  neutron-physical reasons. . 

.. 
I Metallic d i f fus ion  b a r r i e r s  can first of a l l  be considered for t h i s ,  e.g. a t  

a layer  thickness 'of  about SO/p i r r e g a r d l e s s  of  what material was placed 
between Mo and W. 

- Assuming that t h e  d i f fus ion  Coeff ic ients  of Mo are independent of  concen- 
t r a t i o n  i n  material X ,  an estimation as t o  t he  magnitude of tho necessary d i f -  
fusion c o e f f i c i e n t s  was made 
molybdenum f o r  operating time 
estimation is t h a t  D . t  < 10-1 
f i c i e n t s  of material X i n  tun 
impurity of the einitter is pe 

1 

* .  

i 
I 

A d i f f u s i o n  obstacle  between Mo and' W could be a way out of t h i s  problem. , 
1 
I 
1 
8 .  
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blocking layer does not disappear into the molybdenum by diffusion. 
no forzation of brittle, inter-metallic phases can take place. 

Likewise, 

I 
1 Metallic miLterials which meet all these requirements and which addition- 

If, for example, Re is placed ally can be utilized at ?,OOO°K are not known. 
between Mo and W, then very quickly an inter-metallic phase is formed whose 
thickness increases quite rapidly. 

The problem consequently cannot be solved.with metallic diffusion blocks. /61 - On the basis of our investigations, however, it is suggested that the problem 
may be solved by a corresponding disturbance of the border zone Mo-llr which 
leads to a smaller permeability o f  the transition. Thjq can be achieved.by a 
thin porous ceramic intermediate layer. Layers produccU in such a way have 
offered a substantially more favorable picture at a temperature.around 100' 
higher and a longer heating time than in the case of those with a very high 
coefficient of permeability in the limiting zone. 
this matter are planned. . 

4. Comb i n i ng Techno1 ogy 

4.1 Statement of  the Problem 

Continuing experiments in 

~ I- . 

_- 
In principle the solution of the series connection of several convertor 

,cells worked out at that time is given in Figure 1.1; 
' ture of the combination bridge-emitter comes to about 1,730"C. 

The operating tempera- . 
The electrical 

transition resistance of the bridge-emitter in this case should be as small as 
possible. 
and must be vacuum tight in order to avoid the pen-tration of Cs into .the 
ceramic insulation at the sleeve surface. 

The combination bridge-anode possesses a temperatur:! of 700" -8OOOC 

The combination of the anode parts 
. among one another is ssary in the course of installation, and vacuum tight- 
.ness is also required 
-material pairs under discussion, 

, 4.2 Diffusion Bonding 

o above all. Table 5 . 1  provides information on the 
" 

L. The technique of diffusion bonding has been often mentioned in american 
' 

technical literature [28-311. 
ing of two*metals with the application of przssure at high temperature without' 

brought into close contact by means of the applied pressure so that then a 
diffusion can take place along t h e  whole border line and thereby a bonding ca 

; take place, 

In the experiments described below, all samples were heated to about 

By diffusion bonding we understand the combin- 

, .the appearance of liquid phases. At high temperature, the surfaces are 

~- 

' 1,6OO0C in a vacuum of about mm Hg pressure, The ap ed pressure was 
eat inductor an about 1-2 kilogram force/cm2. 

the temperature measurement was carried out with a pyroly 

It was detormined in a series of pre-experiments tha 
cleaned and polished on the . .  finest paper (grain size 600) led to a 

Heating was efzected with 

64 
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bonding. Etching of  t h e  services  'does not lead t o  e s s e n t i a l l y  b e t t e r  r e s u l t s .  

/ 63 - Table 5.2 gives a survey of t h e  experiments c a r r i e d  out. A l l  t h  -pos- 
s i b l e  metal p a i r s  which.could come about i n  t h e  thermionic convertor were 
t e s t ed  here. 

Good Nb-Nb connections are obtained without not iceable  o r i g i n a l  l i n e  of 
separation af ter  a bomling time of about two hours. 
a t i o n  Line is st i l l  recognizable, and one-half hour of bonding time leads t o  
an imperfect connection. 
of high l a t t i ce -de fec t  densi ty  after joining. After a ca re fu l  t ransposi t ion 
etching it can be seen that. many etching p i t s  have formed i n  t h e  a rea  of t h e  
separation l i n e .  
d i f fus ion  bonding connections. 

After one hour t h e  separ- 

The area of t h e  o r i g i n a l  separat ion l i n e  is a volume 

This knowledge is  i n  p r inc ip l e  t o  be t r ans fe r r ed  t o  a l l  

The connection Nb-Mo takes place e s s e n t i a l l y  more r ap id ly  than Nb-Nb, 
and even after a ha l f  hour t h e  o r ig ina l  separation l i n e  can no longer be 
recognized. This is a l s o  immediately understandable when it is recognized 
t h a t  not only t h e  self d i f f s s i o n  is a c t i v e  here  a t  the  boundary surface--such 
as i n  the case of Nb-N'D--but r a t h e r  a d i f fus ion  alon,cl; t h e  concentration g r a i  
d i en t  of Nb-Mo. An extension of t h e  bonding f i m e  does not  show any improve- 
ment i n  the connection. 

. Essen t i a l ly  t h e  same r e s u l t s  are reported f o r  t h e  connection Mb-W as f o r  
The o r i g i n a l  separation l i n e  is usua l ly  only s t i l l  recognizable by Nb-Mo. 

t h e  s t age  which r e s u l t s  during t h e  preparation. 

The connection Yo-Mo takes  place much more slowly than a l l  t h e  other  com- 
binat ions described so far: After t h r e e  hours, the o r i g i n a l  separat ion l i n e  
has still not closed. 
s a t i s f a c t o r y  combinat.ion take place.  
t h i s :  
t h e  two surfaces  takes  place much more slowly, and t h e  o the r  i s  t h a t  here  
there i s  na gradient  requir ing diffusion--similar t o  tlie case of Nb-Nb, and 
as a consequence the re  is no a c t i v e  self diffusion.  

Not u n t i l  four  hours bonding time havegassed does a 
Therct are two reasons t o  be named for 

one is t h a t  Mo is much-less p l a s t i c  than Nb s o  t h a t  a c lose  contact of 

After two hours a s a t i s f a c t o r y  combination takes  place between Mo and I\'. - /64 
W-W could n o t  be combined with t h e  bonding technique. 
achieved were t o o  low. 

The t w p e r a t u r e s  

In  summary it can be sa id  t h a t  d i f f u s i o n  bonding led t o  s a t i s f a c t o r y  com- 
binations i n  t h e  case of almost a l l  t h e  i n t e r e s t i n g  pair ings.  
pieces of t h e  same metal takes place much more slowly than when the  pieces are 
of d i f f e r e n t  metal. 
t h e  r e f r ac to ry  metals alP mix completely. : 

Combining two . 

Britt le phases do not occur i n  the  d i f fus ion  zones since 

-..- 
. . . _. 
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4.3 Electron Beam Welding1. 

Besides d i f fus ion  bonding f o r  combinations i n  the  a rea  of co l l ec to r -  
: bridge-emitter t r a n s i t i o n ,  t he re  i s  s t i l l  the  technology of e-electron weld- 

ing. 
a p a r t  as described i n  the  present repor t .  
tasks which remain: 

In case Nb bridges are used, co l l ec to r  and bridge a r e  manufactured from 
There a r e  then four combination 

4.3.1 Welding Mo Bridges of 0.1 and 0.3 mm T h i c k n e s s  to t h e  Col lector  

4.3.2 Welding Mo Bridges 0 .3  mm i n  Thickness to  Mo Emitters Coated w i t h  
Tungsten 

4.3.3 Welding Nb Bridges of 0.24 mm Thickness to U02-Mo Cermets 

4.3.4 Welding Nb Collector  Par t s  to  One Another ( I  and 2 mm Wall Thickness) 

The proper welding seam types are given i n  Figure 4.1. 

In  Reference to 4.3.1: 
1 

Bridge o f  0.3 mm Thickness 

The seam type 1 creates a good combination with average welding output 
and focused e-beam. 
edge is round. 
are heated a t  800° or 1,7OO0C, the  b r i t t l e n e s s  of t h e  seam is  removed. 
r e c r y s t a l l i z a t i o n  occurs i n  the area of t h e  melting zone than i n  t h e  bas i c  
materials. 

In Reference to 4.3.1 : Bridge of 0.1 mm T h i c k n e s s  

As a consequence of the surfaced tension,  t h e  welding 
The melting zone is of s u f f i c i e n t  width. P f  t h e  combinations 

' Less '*' /65 - 

i ' ,  

If seam 1 is welded here ,  the.Mo sheet  of 0.1 mm thickness  is  bent by t h e  
Nb owing t o  loca l  heating:and t h e  thermal tension caused thereby. 
reasons, w e  went over t o  seam type 3 .  
are too  s t rong,  t h e  p iece  was fanned with t h e  welding beam. 
b r i t t l e n e s s  which occurs, a good combination takes  p lace  i n  t h i s  way. *The 
b r i t t l e n e s s  can then be removed by tempering above l ,OOO°C.  
is spher ica l .  Some pores occur i n  t h e  welding zone. '. 

In  Reference to  4.3.2: I 

For these  
In order  t o  avoid 'hea t  grad ien ts  which 

Aside from t h e  . 

The seam sur face  . 

- 

- -  

. .  
' -  The welding here  leads t o  a gooh connection only i n  t h e  case o f  seam type 

4 and with a supreme welding output, 
through here  and t h e  tungsten uniformly d i s t r i b u t e d  i n  t h e  melted zone, as 

The tungsten l aye r  is completely broken 

- 
The experiments were ca r r i ed  out  p a r t l y  in t h e  I n s t i t u t e  for Nucl 

Energy of t h e  Technical Hochschule i n  S t u t t g a r t  and a t  t h i s  place we 
our thanks t o  t h e  Director  of t h e  Xn t u t e  , Professor' Doctor Hoeckci 
co 1 reagues . 
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micro-hardness 
blocking layer  

measurements show,. 
is  destroyed a f t e r  t h e  welding. 

That means t h a t  t h e  tungsten d i f fus ion  

i 
I 

i 

f 
I n  Reference to 4 . 3 . 3 :  I 

The high proportion of ceramic of 30% by volume of UO i n  t h e  cermet 2 
leads t o  t h e  fact  t h a t  t h e  e-beam does not heat t h e  joining point with any 
uniformity. A t  t h e  same, the  UO evaporates and leaves pores behind. The 
junct ion between Mo and cermet only takes place by means of a few metal 
bridges.  

With Reference to  4.3 .4:  

2 

The r e s u l t  i s  t o t a l i y  unsat isfactory.  
I 

After several  pre-experiments it was shown t h a t  t h e  Nb pipe with walls 
1.2 mm th i ck  could be welded together q u i t e  well with an e a s i l y  de-focused 
e-beam with a medium welding output. If t h e  beam selected is  too  g rea t ,  t h e  
welding zone w i l l  be too  wide and t h e  seam sags somewhat. With Nb pipes 
having a wall thickness of 2 mm, however, t h e  acce le ra t ion  vol tage of 150 kV 
does not s u f f i c e  i n  order t o  permit t h e  e-beam t o  completely permeate t h e  
material. If t h e  beam current  is now increased, t h e  welding depth can be  
increased t o  2 mm.. In  t h i s  case, however, t h e  welding sample during welding 
is heated red hot .  
f o r e  a function of t h e  preheating t i m e .  
welded a t  t h e  beginning of t he  welding process the re fo re  show a breakthrough 
of  t h e  seam at  t h e  end of  t h e  welding. 

In  welding with constant.beam, t h e  welding depth is there-  
Samples which were not thoroughly 

- _ -  

In summary it can be said t h a t  a c t u a l l y  useable junct ions can only be 
achieved with t h e  welding 05 0.1 mm and 0 . 3  mm th i ck  ?lo sheet  with t h e  Nb 
c o l l e c t o r  and i n  welding t h e  Nb anodes with 1.2. mm wall thickness .  The g rea t  
disadvantage of t h e  first case is t h a t  t he  melting zones become'spherical as a 
consequence of  t h e  surface tension and t h e  knots sometimes have t o  be redone, 
i n  which case d i f f i c u l t i e s  can be expected because of t h e  embrittlement of  
t h e  molybdenum. 
heat  treatment, which po in t s  t o  a b r i t t l e n e s s  caused- by tensions which arose 
during welding. 
Mo cathodes coated with tungsten. The welding of Mo with cermet is unsat is-  
factory.  . 

-4 .4  Argon Arc Welding 

- 
those of t h e  e-beam seams 1-3. The outer  formation of t h e  seam i s  about t h e  
same. 
face tension. 
ed sect ions,  l a r g e r  than is t h e  case for e-beam seams. 
ness which occur are the re fo re  even g rea t e r ,  
t h e  argon arc seams are porous. 

. 

The b r i t t l e n e s s  can, however, be removed by a subsequent 

The tungsten layer  is  destroyed when joining.Mo bridges with 
I 

i 
i 

The r e s u l t s  of t h e  argon arc seam type 1 approximately correspond t o  

Here, too ,  melting edges have becomes round as a consequence of sur- 
The welding areas  are, llowever, as can be seen from t h e  polish- 

The &eas of b r i t t l e -  
In con t r a s t  t o  t h e  e-bean seam, ' 

i 
1 

.- . - _-.-- -.. . - - " "  - - 



i 1 Incident Direct ion of the e-Beam 
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In  planning seam type 2, we proceeded from. the  experience t h a t  t he  seams 
a r e  drawn round owing t o  the  surface tensi.c.1 and therefore  a subsequent pro- 
cessing is  necessary. 
t he  membrane between the  two pipe sec t ions  is welded in.  A l ayer  processing 
of t h e  seam i s  therefore  always poss ib le .  With respect  t o  t h e  embrirtlement 
during welding, t h e  same r e s u l t s  a r e  found here  a s  i n  t h e  case of s e m  type 1. 
The outer  formation of seam 2 is  v e r y  good, but unfortunately even here  pores 
of considerable  size occur. 

In order  t o  f a c i l i t a t e  t h i s  subsequent processing, 

I n  summary it can sa id  t h a t  seam 2 produces a s a t i s f a c t o r y  welding when 
viewed macroscopically. 
case not  s a t i s f a c t o r y  because of t h e  pores wbicii occur. In  addi t ion ,  during 
welding problems of t h e  p u r i t y  of t h e  pro tec t ive  gas occur s ince  a l l  samples 
showed an oxide coet ing i n  the  area of t h e  welding zone. 

Seen microscopically,  t he  argon a r c  welding is  i n  any 

4.5 Selection of the Joining Technologies 

From t h e  jo in ing  p o s s i b i l i t i e s  described i n  sec t ion  3, . those  which will 
be appl ied are se lec ted  from two po in t s  of view: 1) bes t  poss ib le  junc t ions  
of t h e  p a r t s  one t o  another; 2) i n  corporat ion of t h e  jo in ing  process i n  the  
assembly cf t he  thermionic combustion element. . 

4.5.1 Emitter-Bridge 

-- 

The d i f fus ion  bonding method i s  b e s t  su i t ed  f o r  jo in ing  t h e  t h i n  s e r i e s -  ' 

connection br idge with the  massive emit ter .  
p l e  test t o  the o r i g i n a l  junct ion,  d i f f i c u l t i e s  were f i r s t  encountered by 

In a t r a n s i t i o n  from t h e  p r inc i -  

. cen te r ing  and uniform t r a n s f e r  of force .  

- 

i n  Figure 4.3. 
The latter could be  avoided by formation oE t he  junct ion point  a s  shown 

The center ing ring. here  f u l f i l l s  t h ree  t a sks :  
__ 
;- 

;- 

:- 

a) Centering and holding t h e  br idge.  

6) Uniform t r a n s f e r  of force  f o r  c r ea t ion  of a uniform applied pressure.  

ti) Limitation of t h e  junc t ion  surfaces  for  avoiding. fo rces  which a r e  too 
I _  

high i n  bonding. 
- 

With t h e  rupture  of junct ions produced'in such a way, t h e  br idge ruptures  
e i t h e r  simultaneously with the  loosening of the  bGnding junc t ion  o r  e a r l i e r .  
The t ea r ing  forces  which can lead t o  rupture  are about 180-200 kg fo rce  when 
the  br idge is  made of niobium and t h e  emitter surface of molybdenum. 

4.5.2 Bridge-Cpl lector 

For a l l  p r a c t i c a l  purposes only t h e  d i f fus ion  bo 
the  t e s t e d  technologies i s  ava i l ab le  f o r  jo in ing  t h e  br idg 
-Since, however, co l l ec to r  and br idge are  made of niobium, 

i n g  technique of a l l  
o the  co l l ec to r .  
attempt was made 

, 
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t o  j o i n  t he  components by d i f fus ion  bonding and both p a r t s  k r e  made of one 
piece.  . 
follows (Figure 4 ..5) : 

The manufacture of t h e  col lector-br idge par t  was undertaken as 

> ! I 

The br idge i s  drawn from the  pipe-shaped co l l ec to r ,  whereby a t  first 
t h e  ank le  between br idge and pipe a x i s  is 90'. 
s tage,  t h e  br idge is then ground down t o  the  required wall thickness .  
t h e  angle between br idge and ax i s  of t he  pipe is reduced t o  60' by means of 
a cupping process i n  a spec ia l ly  prepared too l .  
of t h e  Cs a r e  bored i n  a boring device i n  a f i n a l  work process. 

I n  a second operat ional  
There 

The holes  required for ent ry  

4.5.3 Col lector-Col lector 

The co l l ec to r  p ieces  are welded by an e-beam, where a 100% thorough 
welding i s  dispensed with with the  th i cke r  anodes (2 mm wall thickness) .  
welding seam is then arranged i n  a design so t h a t  it must only conduct about 
50% of t h e  c e l l - c u r r e n t .  This can be achieved simply by having t h e  seam 
arranged about i n  t h e  middle of t h e  cell .  

The 

I 
i 5. Manufacture of Three-Layer Pipes (Collector) I 
i 
1 
I 

The design cons t ruc t ion  of a thermionic combustion element makes a three-  
l aye r  pipe necessary, whose inner  p a r t  se rves  as co l l ec to r  which must be 
e l e c t r i c a l l y  insu la ted  from the  o ther  components. Simultaneously, t h e  waste ' 

heat  occurring during t h e  operat ion at the  sodium cooling c i r c u l a t o r  must be 
d i s s ipa t ed  by t h i s  system so t h a t  addi t iona l ly  a good heat  conduct ivi ty  is 

5.1 Statement of t h e  Problem 

i promoted . 
I. i 

5.2 Present Experience 1. 
i 

The present  s ec t ion  descr ibes  t h e  manufacture of a' three- layer  pipe made , 

, of Nb-A1203-Nb which corresponds t o  t h e  concept of a t.hermionic in-p i le  con- 

ve r to r  va l id  i n  our p l an t  both i n  its stand s of measurement as well 8s  i n  
t h e  working mater ia l s  and processing method 

already been suggested by us [5] and t e s t ed  
t h a t  a layer  of A1203 placed on s t e e l  by p l a  

i 
. ! 

The method described here  f o r  manufacturing a t h  - layer  p ipe  has 
t.s. I t  was then shown 

shows a toughness and 

adhesiveness su f f i c i en t  fo r  t he  following processing s t e p s  * I 

The r e s i s t ence  t 
determines' the maximum p 
element is  also designat  

damage. 
' sprayed with flame we 

.- 



Reiss [33] descr ibes  experiments fo r  determining the  permissible heating 
rate of A1203 layers .  
t i o n  of t h e  l aye r  was measured on t h e  junction of a 0.16 mm A 1  0 

l aye r  on a tungsten rod o f  1.1 mm 13 and came t o  (3,000 k 1,OOO)"C sec'l. 

The g rea t e s t  a t t a i n a b l e  heating r a t e  without destruc- 

sprayed 
I 

2 3 .  

For firm attachment of t h e  outer'  jacket  p ipe  t o  t h e  c o l l e c t o r  sprayed 
with A1203, an apparatus su i t ed  t o  t h e  experimental conditions i s  used as was 
described e a r l i e r  [5] .  
neous s t r e t ch ing  of a pipe,  a control led reduction of c r o s s  sec t ion  can be 
achieved which leads t o  shrinking down t o  a core introduced i n t o  t h e  pipe.  

In  t h i s  way by heating p a r t i c u l a r  zones and simulta- 

5.3 Experimental Construction 

5.3.1 Plasma-Spray Device 

In  t h e  first attempts t o  place A 1  0 on niobium by means of plasma spray, 2 3  
it was found t h a t  t h e  metal can assume temperatures up t o  1,OOO"C and more. 
In  order t o  avoid any oxidation it is  the re fo re  n e c e s s a r y t o  c a r r y  out t h e  
layering process i n  an oxygen-free atmosphere of p ro tec t ive  gas. 

I A corresponding apparatus f o r  t h i s  was devised (Figure 5.1). This 3s a 
vacuum-sealed housing which was pumped out a number of times with an advance 
vacuum pump and f i l l e d  with pu r i f i ed  argon. On a guide in s ide  t h e  apparatus, 
t h e  plasma burn€.; moves back and f o r t h  i n  the  longitudinal d i r e c t i o n  by means 
of  a d i r e c t  cu r ren t  motor with i n f i n i t e l y  va r i ab le  ve loc i ty ,  
spring-lozded support po in t s  below it is  t h e  pipe t o  be sprayed, whose rate 
of revolut ion is a l s o  i n f i n i t e l y  va r i ab le .  The i n t e r v a l  between the  burner 
and t h e  pipe is  va r i ab le  i n  wide l i m i t s  i n  order t o  determine t h e  most favor- 
ab le  spraying dis tances .  

5.3.2 Shrinking Apparatus 

. The apparatus used f o r  t h e  zone-by-zone shrinking of t h e  pipe j acke t  is 
shown i n  Figure 5 . 2  and i ts  method of functioning can be seen i n  Figure.5.3:  
t h e  j acke t  pipe,  surrounded a t  one place by several wind.ings of a heat  induc- 
t o r  is  held between two c o l l e t s  i n  a vacuum chamber. Inside t h e  pipe i s  t h e  
layered and polished c o l l e c t o r  pipe. 
electric motor along t h e  mechanism, t h e n ' t h e  p ipe  system moves relative t o  t h e  
heat  inductor and i s  thereby heated i n  zones. Simultaneously over an elbow 
lever which moves with a swing which i s  adjustable  i n  i t s  steepness, a con; 
s tant  elongation is' forced on t h e  jacket  pipe according t o  Poisson's cross 
contract ion which has a reduction of c r o s s  sect ion as a consequence. 
corresponding swing pos i t i ons  it is thereby possible  t o  c lose  apertures  up, 
t o  0.3 mm between t h e  inner  and.outer  core  i n  one movement. 

I 

Between two 

, 
i I .  

I ! . ,  

If t h e  chamber i s  now driven by an 

Through 
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/71 - 5.4 Producing a Three-Layer P i p e  

5.4.1 Layering wi th  A I  0 
2 3  

Since t h e  pipe sec t ions  manufactured are t o  serve ch ie f ly  f o r  invest iga-  
t i o n s  of the Froper t ies  of plasma-sprayed A 1  0 

of t h e  inner  pipe was attempted. 
with 22.75 fl x 1.0 mm and 150 mm i n  length. 
a p ro tec t ive  gas box described under 5.3.1 and sprayed with plasma after being 

i exhausted t o  a vacuum t h r e e  times and f i l l e d  with argon. 

layers ,  no axial subdivision 2 3  
Instead, a niobium pipe sec t ion  was used 

This piece of  pipe was placed in  

! 
The following condi t ions determined i n  t h e  advance experiments were 

used : 

. 

l a rge  g ra in  s i z e ,  t h e  p a r t i c l e s  could no longer be completely melted because 
of the  l imi ted  output of t h e  eqL p e n t .  The feed rate of t h e  burner came t o  
60 mm rnin-l,. and t h e  rpm of t h e  niobium pipe 14 ' revolu t ions  min-l. 
power output of about 14 k\V, t h e r e  is an operat ing vol tage of about 60 V. 

- 

The A1203 s i eve  s i z e  used had a g ra in  of 25. ..35/p. In  using a f a i r l y  
' 

With a 
L 
I 

The layer  thickness  achieved with an adjusted spray interval of 115 mq 
came t o  410/p I 20/u with a peak-to-valley depth of about 1 0 0 / ~ .  

i -  
i 
i -5.4.2 Subsequent Processing of t h e  A I  0 Layer __I__ - - ~ -  _--_I_ 

I 

! 

2 3 .  - -  

,- Advance experiments have shown t h a t  t he  peaki to-val ley depth of t h e  
sprayed layer  of about 1OO/p achieved during sprayicg is not small enough i n  

-order  t o  achieve an adequate surface contact with t h e  sleeve pipe with t h e  . 

ca r r i ed  out  t o  process the  surface subsequently by c i r c u l a r  grinding with a 

I 

i . 

172 
. -  

-subsequent shrinking (Figure 6.4). For t h i s  reason tests were successfu l ly  - 
i 
I 

.. -diamond d isk .  
t .  

In t h e  present case, the  sprayed pipe was ground t o  a diameter of 23.2 mm 
1-which corresponds t o  an A1203 layer  thickness  of 225/p. 
:-ring during grinding i n  no case led  t o  a damaging of t h e  oxide layer .  
,-Winter diamond d isk  of D I00 gra in  size was used. 

The stresses occur- 
i 

1 
i 

A 

_ .  
i 
I 

, 5.4.3 Shrinking 
! 

I- 

I n  order  t o  shrink by zone down-to the  anode pipe processed according t o  
5.4.2, a niobium pipe with 25.6 x 23.6 mm fl was used. 

, r e s u l t i n g  from the  p ipe  combination could not be closed i n  one working process 
with the  shrinking apparatus, t he  jacke t  pipe was then .tapered i n  diameter 
with the  f i r s t  pass and then shrunk fixmly t o  the  inner pipe during the  second 
pass. The elongation adjusted by 
first pass and 5.0% i n  the  second pass. 

The temperature of t he  hea te  
t o  about 800°C, aiid the  pressure 

Since the  aper ture  



Figure 5.4. 

2 3  

Cross Section of a 3-Layer Pipe with Unprocessed 
A:  0 Layer, Enlarged 200 T i m s .  
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A s i z e  check of tlie f inished pipe shows tha t  tlie jacke t  pipe after s h r i n k -  
ing shows a l i g h t  co r ruga ted 'p ro f i l e  (Figure 5.6). 
found i n  the  f a c t  t h a t  t he  power - t ransmit ted by the  heat inductor i s  not s u f -  
f i c i e n t  i n  order t o  let  t h e  drawing process run continuously, 
must be in te r rupted  each time a f t e r  a drawing length of about 20 mm'until t h e  
next zone has  been heated t o  operating temperature. 

The cos t  f o r  this can be  

Instead it 

This def ic iency will be.el iminated with t h e  use of an MF generator plan- 
ned f o r  f u t u r e  experiments. 

5.5 Charac te r i s t i c s  of t h e  Three-Layer P i p e  

The inves t iga t ions  ca r r i ed  out so far permit q u a l i t a t i v e  evaluat ions of 
+he p rope r t i e s  achieved. A s  shown i n  Fi.gure 5.5 a good sur face  contact  of t he  
oxide layer  can a l s o  be achieved with the  jacket pipe by means of grinding the  
A1203 layer.  

w i l l  be  t h e  goal of f u t u r e  experiments t o  increase  the  dens i ty  of t he  sprayed 
layer.  

The layer ,  however, still shows'a la rge  proportion of pores so t h a t  it 

Experiments so far have a l s o  shown t h a t  t h e  oxide layer  is adequately 
insu la ted  e l e c t r i c a l l y ,  and .accurate measurements w i l l  still be ca r r i ed  out.  

No r e l i a b l e  da t a  can be provided for the  hea t  conduct ivi ty  of the  three-  
Experiments i n  t h i s  regard w i l l  a l s o  be ca r r i ed  out a t  our p l an t  

It  is expected t h a t  t he  r e s u l t s  found the re  will provide informa- 
layer  pipe. 
next year. 
t i o n  about t he  development c o s t  which is still necessary. 

5.6  Observation in Conclusion ' 

- 3  

The production of a . cy l ind r i ca1  three- layer  system of niobium-A1203- . 

niobium is poss ib le  according t o  t h e  method described. 

The plasma-spray method e spec ia l ly  permits t h e  production of A 1 2 0 j  l aye r s  

I ts  s t r t ic ture ,  however, can with considerat ion of proper pro tec t ive  measures. 
still  be improved. 
r e s i s t e n t  t o  f r a c t u r e  i n  order  t o  permit fu r the r  processing s tages  t o  follow. 

The l aye r s  are both adhesive enough as well as s u f f i c i e n t l y  

. .  
The zone shr inking is s u i t a b l e  for appl ica t ion  afid permits t he  cont ro l led  

shrinking of a jacket pipe onto t h e  anode pipe sprayed with A1203 without 

damaging t h e  oxide iayer  i n  so  doing. 
I 

Both the  mechanical as w e l l ' a s  t h e  e l e c t r i c a l  and thermal proper t ies  of 
t he  compound system achieved a r e  being s tudied and improved a t  t h e  present  
time . 
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TABLE, 3.1 . 
. 

Mea s tired 
Molybdenum Base 

1/11 10 ASTM % 1/11 10 
hkl w 14 0 Tungsten Surface 

110 

200 

21 1 

. .  

Samp 1 e 

100 

15 

* 23 

-- . 

100 100 

21 107 

39 *2 
.. 

100 

86 

12 

_- . .. . , . . . .~ _. 

- _ _  Su r f ace Propor- 
t ion  o f  the (JOO) Ptanss 

I 

. .  
TABLE 13.2. . 

- - - ,  
The remainder of the surface could not be 

determined . I 

.. . - -  
. .. . .  

Tr.  Note: Commas tndi'cate dec 



. - -  
>. 

([I u 
U u 
([I 
U 

A 
w 

c 
C '  

.- 

.- 

i: 
. &  Ln 

< 
0 
u) 

L - 

i: ln cv 

< 
0 
\o 

or 
C .- 
u 
([I 
Q) 
I 

s 
\ m 0.. 
t 

. .. 

.u 
0 
0 
In + 
F* 

. ._ 
I: , . 

. "  

- . , .  . . .  . . * . . .  . .  

$4' d d 

-.._- 
0 
C Q )  

*- E 
c, *- 
(PI- 
Q) 
X 

.--. . . I 



TABLE 3 . 4 ;  CALCULATED WIDTH OF D I F F U S I O N  ZONE AT 1 , 7 5 0 " C  
FOR VARIOUS HEATING TIMES. 

. . . - ! 

Profile Width 
T i m e  . -- 
10' h . 1 3 7 p  

10' h 4 3 5 p  

I O 2  h ' 7 7 0 p  3 ,  . : 

10'3' h 4 3 5 0 p  

., .I . . .  137oop  

8 b; 3071u 

- . . - .  . , . . . ; .  ...: . .  ~, . .. . . .. , -. . .  . .. . . . . ' :. ' ,: 
' lo4 h 

TABLE 5 . 1 .  POSSIBLE MATERIALS.  

MO, W, Uo2-Pdo-Cernet Cathode Surface _ _  

Anode Nb . 
.Bridge Nb, W on Nb, Mo 

i 

TABLE 5.2. SURVEY OF THE D 1 FFUS I ON BOND 1 NG EXPER I MENTS. 
# . '  - a  

Pa i r i ngs Exper i menta 1 T i m e s  

' Rb-Ebo 2 nin. 0.,5 h 1,0 h 2,O h 
' Nb-W 0,5 h . 1,0 h 2,O *h 

Bb-Nb 095 h 1.,0 h 2.0 h .  

Mo-ho 3 . h  4 t h  
No-w 2 h  

Temperature 1 6OO0C * . ID' 

Pressure ' . 1-2 kp/cn2 
. -- 

f r ,  Note: Comm 
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